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iPLASMA EAC/lX STUDIES

1. Introduction

Air Force Contract 19(604)-7405 was divided into two phases. Phase

1 was to review existing "knowledge" in all aspects of the atmospheric

environment and atmospheric physics pertinent to the problem of rf-

breakdown-. The results of this review (and approximately 90% of the

Final Report) were published in book form and distributed among the

co-contractors on the breakdown problem. It was anticipated that the

review could, if used properly, materially increase the cogency in the

experimental programs in rf-breakdown and in the interpretation of

these experiments. Accomplishment of this limited objective need not

imply that the solution of the problem of predicting rf-breakdown

thresholds and the properties of the resulting plasma for all types of

terrestrial environments and at all altitudes have been motivated. It

does, however, mean that the workers in the field are acquainted with

the terrescrial environment as well as all the productive and loss

mechanisms of electrons - a state of awareness which apparently did

not exist prior to che publication of the review.

Phase 2 was an obvicus reaction to Phase 1. In essence, its objec-

ti:e v:as to list van-s and means for filling some of the gaps in existenc

edge concerning both the terrestrial environment (ambient and

pert:rbed) and the *-an parcicle-particle and particle-field interac-

t in co:al determine the characteristics of breakdown. More
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specifically, the vays and means were to include both laboratory (Phase

2, Part A) and upper atmosphere programs (Phase 2, Part B). For con-

venience of presentation, both types of recommendations are included in

this single document. The order or presentation is selected to follow

the scheme of the review and does not imply priority of effort.

As a~result of the totality of efforts in the field of rf-breakdown,

two important characteristics of the problem were recognized. First,

the phenomenological theory of Allis, Brown, etc., becomes less appro-

priate with decreasing pressure - at least for those cavity experiments

of limited size, Moreover, the departure from theory is in a sense

such as to over-estimate the breakdwon power. For some configurations,

it may be possible to clarify the picture by increasing the dimensions

of the cavity, yet this has its inherent drawbacks since there is a

corresponding increase in the uncertainty concerning the particular

transmission mode of the rf perturbttion.

Second, a reliable extrapolation of the cavity experiments (even

if the previous objection to the phencmenological theory can be elimi-

nated) must be considered unlikely in view of our relative ignorance

of the composition of the upper at-osphere and the roles of the many

processes such as solar photo-ioniza:ion which can materially alter the

breakdown characteristics. The proper theoretical approach would be

the more complex Boltzmann equation a.-ose total solution unfortunately

remains beyond the present state of -e art.

" 7-7
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There are ways and means of improving the overall posture of the

state of knowledge concerning the interactions of rf energy and slightly

ionized gas - extending of course to the phenomenon of breakdown. It is

with this general improvement (in the state of the art :n mind) that a

program is suggested. The following list of items delineates the broad

prospective of the-program.

(i) Measurements of density, temperature and composition

(2) Measurements of the solar flux, absorption and ionization

cross sections

(3) Reaction rates from ion cloud releases and from simple

laboratory experiments using photo-ionization and photo-

dissociation

(4) Photo and electron impact transition probabilities of

molecular species.

(5) Radiation losses in rK-excited plasmas obtained by the

spectrometric monitoring of the Bailey, Gordan and Bowles

experiments; and the theory of radiation from plasma

inhomogeneities

(6) Existing solutions to the Boltzmann equations, the basic

postulates involved, and the pertinence of these treat-

ments to the rf-breakdown problem. t-here possible,

suggestions are made for setting up a tractable simpli-

fication of rf-breakdot.'n.

(7) A test of Item 6 can be made by applying the theory to

the Stanford experiment of breakdon in a sph:erical

cavity by a remote rf antenna.

3
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(3) A direct experien--•a attack on t!-e breakdown problem

by devising a rcc*-C:-borne breakdown experiment.

(9) rf-breakdown in atrospheres perturbed by nuclear detona-

tica and chemical seeding.

In the follo4ing sections, each of these topics are discussed in

greater'detail.



2. The Upper Atmosphere

Of the physical parameters of the upper atmosphere that are of

pertinence to the program of rf-breakdown, the most important are density,

composition, and temperature. Each of these parameters has been the sub-

ject of considerable study; yet, none is in a satisfactory state at the

present time - particularly, in regard to the requirements of the rf-

breakdown problem.

The review has pointed up many of the variations in density and

the sources of these variations. The relation of density to such as-

pects as the GSP angle (diurnal variation), the geomagnetic latitude

(charged corpuscules), and solar activity have been discussed in detail.

But most of these characteristics have been established by the integra-

tion of measurements over several satellite periods.

On the condition that an upper atmosphere rf-experiment may be

performed which requires the local density (and perhaps the density

profile) for proper evaluation, this datum would not be avail!able.

Furthermore, no reliable data exist concerning the possible derivations

from "normal. behavior" described in the review. Consequently, we advo-

cate methods by which density may be measured continuously from the

ground. In Section 2.2, the advantages of utilizing laser instrumenta-

tion as the optical transmitter-receiver are given in detail. As in

the case of the present optical density meassrinrg devices, Rayleigh

scatter from individual molecular and atomic species provides tne r:asic

mechanism.
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The utility of the laser device depends upon the pulse width (basic-

ally the time required for avalanching of the photons), the power trans-

mitted, and the receiver sensitivity. Pulse width must be small if

spatial resolution is to be obtained, and/or scattering from the denser

atmosphere eliminated by time-gating. Large transmitting powers, excel-

lent collimation and high sensitivity which are characteristic of the

laser are exactly the requirements for a successful density measurement

via Rayleigh scatter.

Above balloon heights, the composition is not well known, and

therefore the roles of dissociation, mixing, diffusion, etc., have been

the subject of considerable conjecture. The problem is inherently more

difficult than that of the density, temperature, etc., particularly

since trace species may be of considerable importance. If laser instru-

mentation can be built with sufficient power, sensitivity, and resolu-

tion, it may be possible to use this device in composition studies.

The basic idea would be to supplement ordinary non-resonant scatter

with resonant scatter by the appropriate choice of the frequency. This

may mean selecting frequencies in the infrared or near UV, and possibly

a fundamental extension of the principle of stimulated emission. The

background may also limit the tool to night-time use.

A more i:rmediately available instrument is the mass spectrometer

(WIerzog version of the Redhead Gauge) presently being used to get the

ie density profile. The instrument can be used equally well for any

4 -3
specie and has an absolute limit of 10 molecules cm", or at at=os-
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pheric pressure can detect a trace aterial uAhose density is 10 of

the total. Of course, the instrurent must be rccket or satellite-borne;

this is perhaps less convenient and more expensive than ground-based

measurements. Details of the system are given in Section 2.2.

2A Lasers for Continuous Density, Compositica and Temperature
Measurements*

In the past, the scattered light from searchlight beams has been

used in measurements of upper atmospheric density, The recent develop-

ment of lasers and masers (sources of highly monochromatic coherent

radiation of high total power and extremely high power per cycle per

steradian) has made feasible their utilization as geophysical probes,

Lasers may be employed in making the following measurements:

(a) Measurements of density and hence temperature as a func-

tion of height to 75 kms andopossibly higher to 100 kms.

(b) Measurements of height distribution of various at=ospheric

species via e.g., a laser in the region 2500-3000a for

ozone or an iraser in an appropriate IR region for other

species (CO )

(c) Possible measurement of winds at extrcme altitudes by

means of the DoppIer shift of the extremely narrc-.: w¢ave-

band

(d) Possible mea!ureren: of temperature through Doppler shift.

(W) •easure-ent of dust layers and micro-meteorites.

-Taken in part from J, Pressman (2CA).
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2.1 1 Description

The laser as a source has several unique aspects. First of all,

light emitted is coherent and this coherence is both latitudinal and

longitudinal. So then the laser acts in the manner similar to a radio

transmitter. This coherence arises fundamentally out of the nature of

the induced emission process. A second major property is that of mono-

chromaticity; this monochromaticity is such that the line emitted has a

width much less than the natural width- A third important feature is

the very narrow angle of divergence of the beam, The final feature is

the large amounts of light power that can be generated.

Amplifiers and oscillators using atomic and molecular processes, as

do the various varieties of masers, may extend far beyond the frequency

range which has been generated electronically into the infrared, the

optical region, or beyond. Such techniques have realized the attractive

promise of coherert amplification at these high frequencies and of gen-

eration of very monochromatic radiation, As it was attempted to extend

maser operation towards very short wavelengths, a number of new aspacts

and problems arose, which-required quantitative reorientation of theory

and considerable modification of the experimental techniques used-

In the follo.ing discussion, roughly reasonable values of design

Dara-ecers -il! be used. For comparison, the characteristics considered

in tae paper of Sc an:-lov and will be presented for masers

operating' in rhý-e norna! micro;4ave range. Here an unstable ensenble of

a:o.ic or r.olecular svstca:s is intrc_ ced into a cavity .hich has one

7ýi
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resonant mode near the radiative transitions of these systems. Such an

ensemble may be located in a wave guide rather than in a cavity but

again there would be typically few modes of propagation allowed by the

wave guide in the frequency range of interest. The condition of oscilla-

tion of n atomic systems excited with random phase and located in a cavity

of appropriate frequency may be written

n 2! hV A vA(4x 2 ) (P2-1)

where n is more precisely the difference Nl-n 2 in the number of systems

in" the upper and lower states, V is the volume of the cavity, n v is the

half-width of the atomic resonance at half-maximum intensity, assuming a

Lorentzian line shape, 1 is the matrix element involved in the transition,

and Q is the quality factor of the cavity.

.The energy emitted by such a maser oscillator is extremely mono-

chromatic, since the energy produced by stimulated emission is very much

larger than that due to spontaneous emission or the normal background of

thermal radiation. The frequency range over which appreciable energy is

distributed is given aPnrnroximarl by

9

-5 - .4 kT (T _ ') / P (2-2)

where _ is the half-width at hauf-maximum of the res•nant resoonse of

a single atonic system, P is the total power emitted, k is Boiczmann's

constant, an' I the absolute temperature of the cavity walls and wave

guide Since in all maser oscillators at microw•'ave frequencies,

9
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.P > > kT , the radiation is largely emitted over a region very much

smaller than L v, or 5v < < A v.

The necessary condition for oscillation =ay be obtained by requiring

that the power produced by stimulated emission is at least as great as

that lost due to all loss processes. That is,

" "rE )2 h v n > tV (2-3)n 4T A-, -- 8 i t

where p' is the matrix element for the emissive transition, E2 is the

mean square of the electiic field (for a multi-resonant cavity, E2 may

be considered identical in all parts of the cavity), n is the excess

number of atoms in the upper state over those in the lower state, V is

the volume of the cavity, t is the time constant for the rate of decay

of the energy, and A v is the half-width of the resonance at half maximum

intensity, if a Lorentzian shape is assumed. The decay time t may be

written as 2- v/Q, but may also be expressed in terms of the reflection

coefficient a of the cavity walls.

t - 6V / (1-a) Ac (2-4)

where A is the wall area and c the velocity of light. --For a cube of

dimension L, t ý L / (I-a) c. The condition fcr oscillation from

Eq. (2-3) is then

> h(l-) Ac

162

At low pressure, nost infrared or optical transitions wil! have a

nidth determined by Doppler effects. Then rhze resonance zalf-width

10



0~ 0

L (--€ ln2 (2-6)

where m is the molecular mass, k is Boltzmann's constant, and T the

temperature, Because of the Gaussian line shape in this case, Eq, (2-5)

becomes

n > b v h (l-a)Ac (2-7)

S16n 2 2 (Aln2)k

or

> h(-a)A 2kT (2-8)2 2 31• mI 28
162 pt

It may be noted that Eq. (2-8) for the number of excited systems

required for oscillation is independent of the frequency, Also, this

number n is not impractically large. If the cavity is a cube of 1 cm

dimension and a = 0.98, g - 5x10"18 esu, T - 400 K, and m -. 100 amu,

one obtains n = 5x108

The minimum power which must be supplied in order to maintain n

systems in excited states is

P-- nh•/ (2-9)

This expression is independent of the lifetime of the excited species.

However, one must consider that if there are alternate modes of decay of

each system, as by collisions or other transitions. the necessary power

mav be larger than that given by Eq. (2-9) an,* -lepe-oent on details of

the system nvolve. Furthermor, some quantum or hiýgher frequecy than
tieavt emite -id. Fr-hl" e -m '

that emitrce will nrmally be requir.. to exci:e tnh system, which will

11
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increase the power somewhat above the value given by Eq. (2-9). Assuming

the case considered above, i.e., a cube of 1 cm dimension with a - 0.98,

A 104 A, and broadening due to Doppler effect, Eq. (2-9) gives

P 0.8xl03 watt. Supply of this much power in a spectral line does

not seem to be extremely difficult and obviously has already been

accomplished.

The power generated in the coherent oscillation of the maser may be
a

extremely small, if the condition of instability is fulfilled minimally,

and hence can be much less than the total power, which would be the order

of 10-3 watt, radiated spontaneously. However, if the number of excited

systems exceeds the critical number appreciably, then the power of stimu-

lated radiation is given roughly by hv times the rate at which excited

systems are supplied, if the excitatioa is not lost by some other'processes.

The electromagnetic field then.builds up so that the stimulated emission may

be appreciably greater than the total spontaneous emission. .For values even

slightly above the critical number, the stimulated power is of the order of

the power nhv/i supplied, or hence of the order of one milliwatt under the

conditions assumed above.

The most obvious technique for supplying excited atoms is excitation

at a higher frequency, as in optical pumping or a three-level maser system

The power supplied must be larger than the emitted power in Eq. (2-8)_ It

is not necessary that the pumping frequency be much higher than the fre-

quency emitted, as leng as the difference in frequency is much greater than

kI/h, w:hich can assure the possibility of negative temperatures* Since, for

1=



the high frequencies required, an incoherent source of pumping power

must be used, a desirable operating frequency would be near the point

where the most quanta are emitted by a given transition in the discharge

or some other source of high effective temperature This maximum will

occur somewhere near the maximum of the blackbody radiation at the effec-

tive temperature of such a source, and most often in the visible or

ultraviolet region. The number of quanta required per second would

probably be about one order of magnitude greater than the number emitted

at the oscillating frequency; so that the input power required would be

about ten times the output given by Eq. (2-9), or ten milliwatts. This

amount of energy in an individual spectroscopic line is, fortunately,

obtainable in electrical discharges and this technique has been developed

by Javan.

Monochroinaticity of a maser is very intimately connected with its

amplifier noise properties, If there is considered first a maser cavity

for optical or infrared frequencies which supports a single isolated mode,

then as in the microwave case, it is capable of detecting one or a few

quanta, corresponding to a noise temperature of hv/k, However, at a

wavelength of one micron, this noise temperature is about 14,000 K, and

hence not remarkablj low. Further-pore, other well-known quantum detectors,

such as a photoelectric tube, ire capable of ;!etecting a single quantum.

At such frequencies, a maser has no great advantage over welI-knw-vn

techniques in detecting small numbers of quanta.

There is now examined the extent to w:hich the normal line w'idth of the

emission spectrum of an atomic system will be narroed by maser action, or

13$
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hence how monochrcmatic the emission frim an infrared or optical maser

would be. Analysis was made by Schawlow and Townes of the number of

excited systems required to produce stimulated power which would be as

large as spontaneous emission due to that of a multimode cavity whose

frequencies lie within the resonance width of the system. They assumed

for the moment that a single mode can be isolated. Spontaneous emission

into this mode adds waves of random phase to the electromagnetic oscilla-

tions, and hence produces a finite frequency width which may be obtained

by analogy with Eq. (2-2) as

V o c - (4n hv/P) (A v)2 (2-10)

where L v is the half-width of the resonance at half-maximum intensity,

and P the power in the oscillating field. Note that kT, the energy due

to thermal agitation, has been replaced by 1y, the energy in one quantum.

Usually at these high frequencies, hv >> kT, and there is essentially no

"thermal" noise. There remains, however, "zero-point fluctuations" which

produce random noise through spontaneous emission, or an effective tempera-

ture of hv/k.

For the case considered nuimerically above, 4
t h,, Z :./P is near 106

when P is given by Eq. (2-9), so that L I0 , -. This corresponds

to -a remarkably monochrcmatic emission Ho-wever, for multimode cavity,

this very -onochromatic emission is su erimposed on a background of stimu-

lated emission which has w¢id.th L• -, and whItich, for the power P assumed, is

of ir:ensit'," equal to that of the sti- aced erission 071y ir the .o.er

is i-ncreas•ed by" so-e - -= •cr --e-, or it he desired' -ode

I-
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is separated from the large number of undesired ones, would the rather

monochromatic radiation stand out clearly against the much wider fre-

quency distribution of spontaneous emission.

The above analysis has been given in some length to indicate the

technique of construction of the laser so as to have an adequate concept

of the power range, wavelength range and degree of purity of the light

emitted. This analysis follows closely Schawlow and Townes' development

which is basic to an understanding of the physics of laser operation.

2.1.2 Summary of Existing Laser "Hardware" and Potential Developments

The preceding paragraphs have delineated the physics of the laser

device as part of the necessary background for the uses to be discussed

later. It is the function of this section to present a broad view of the

present state of art in this field as well as its potential development

so as to place ourselves in an adequate position to discuss the design

of laser geophysical probe devices.

2.1 2.1 Laser "Transmitters"

First,as a preliminary set of remarks, it must be said that the laser

field is moving forward extremely rapidly. Steady improvements are being

rnad- in power emitted, range of wavelengths available, modulation capabLity,

an: total system efficiencv At present, one-half dozen lasers are available

as 7ff-the-shelf items. In Table 2-1 are given, for example, the character-

iS:-:s of "Vireo" lasers, :resently comercially available- In addition,

-7. laser ccmponents suca as crystals, Fabry-Peror end-plate, ligh: sources

15
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for optical pumping, etc., are tommercially available for use in the

construction of special laser devices designed to meet specific needs.

Present ruby masers have produced pulsed optical beams of 10 kilo-

watts power or still shorter pulses of perhaps 100 kilowatts peak power.

-l
This radiation is concentrated in a band-width of about 0.02 cm 0

Another type of maser, operating continuously at about 0,02 watts, emits

.a wave which has been shown to be in phase over the entire maser reflector

"surface and to be concentrated in a frequency interval of about 10 kilo-

cycles. There seems to be no general reason, other than the necessary

dissipation of power, why solid state optical masers cannot operate con-

tinuously at high power and with a short-time monochromaticity close to

theoretical expectation or hence with a frequency width very much less

than I megacycle/sec.

If a laser produces a wave of wavelength k with constant phase over

a surface of diameter d, the angular width of the radiating beam is

approximately X/d. This can be reduced still further by use of an auxil-

iary optical system such that the angular width may be reduced to X/D

where D is equal to the diameter and focal length of the lens The con-

clusion here is that thc angular divergence of the bean is limited only

by the optical distortions of the system and not by the nature of the

sourcc

For example, the above 10 kilow:att continuous szurce would give with

a 200" reflector a beam of internsitr (accordinz to Tat[mes)

17
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0

I Flux/(X/D) 2 1018 watts/sterad at 5000 A, or per wave number

I 3x1022 watts/sterad cm"I for a bandwidth of L v - 3xlO5 cm-1

In addition to the chromium doped ruby, lasers are also being deviloped

using samarium and uranium doped calcium fluoride. These give a variation

in wavelength and are more adaptable to CW operation. At present, solid

state continuous wave operation is on the verge of actuality.

Continuous wave operation by means of gas discharge has already been

achieved by Javan(2-2) at Bell Telephone Labs albeit at relatively low

energies. At present, systems are already being designed in the meSawatt

to 10 megawatt output region by various groups for pulsed operation.

2.1.2.2 Laser Receivers

As mentioned earlier, some conventional devices such as photomulti-

pliers have the capability of detecting a few quanta so that no great

advantage is gained here for the use of a laser receiver. However, the

major advantage of such a receiver is that it rejects to an extremely

large degree extraneous background light and also provides a nearly

noiseless receiver. This would hold true even when such a receiver

would be aligned with the sun.

Such receivers are not presently on the market and commercially

available. However, such receivers, it is expected, will be announced

in the next few months. This instrument would be very similar it con-

struction to that of the transmitter. In the receiver, in contradistinctiun

18



to the transmitter, the Fabry-Perot end parallel mirrors would be

slightly transparent. The major problem here is that the receiver must

be exactly matched to the transmitter, i.e., the receiver mirror spacing

must be in resonance for the transmitter signal. Additionally, the axis

of both receiver and transmitter must be parallel within a very close

tolerance to reject extraneous background light.

The internal noise of the receiver, due to its own omni-directional

glow, is considered negligible. Also, thermal noise is considered insig-

nificant because the receiver operates at a temperature below that

necessary to emit energy in the visible portion of the spectrum. Hence,

the laser receiver has a very definite advantage over, say, a photo-

multiplier in this respect. Such an advantage may be minimized if

photomultipliers are used in conjunction with very narrow band filters.

But such accessory filters cannot be expected to match the built-in

selective natural monochromatic response of the laser receiver.

2.1.3 Scattering of a Searchlight Beam

Because the Rayleigh scatter of a searchlight beam offers a simple

but effective method of measuring the density and temperature of the

upper atmosphere, it would be desirable if such a method could be

extended to higher altitudes (above 60 km) by means of a laser beam

The elements of the scattering technique are presented in the following

sections

Vhe light that is reflected by the upper atmosphere into the

recei!ver 4s proportional to t-_ nu--mber of scattering centers present

-t ? 777 C ;7777 `77,17
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at the altitude of interest. It is assumed, in the discussion that

follows, that the composition of the atmosphere remains constant. Pre-

vious results confirm that the method of scattering can be described by

the Rayleigh law, in which it is assumed that the particles have diameters

that are small compared to the wavelength of the light.

Johnson and Jones have estimated the shape and magnitude of the

reflected signal. The discussion that follows, which obtains their

result, leans heavily on their presentation.

Data on the upper atmosphere are available from the Rocket Panel,

Elterman, (23) and others. The magnitude of the pressure and tempera-

ture, up to at least 100 km, can be deduced from their results. Hence,

it is possible to calculate, !sing the standard gas laws, the number of

molecules per cc as a function of altitude.

Hulbert has given a convenient expression for the amount of light,

in lumens, that is scattered back per unit solid angle, pec-cm length of

path, at an angle of - to the incident beam.

2 2
ii 2<- 1) (l.-cos-)

s 4

where 1 is the wavelength of light, - the refractive index at wavelength

A, n the nutmber of molecules per cc and i the. incident beam flux in lumens
.- 0

We also have
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with a value of 1.08x10" 23 for as given by Johnson, Meyer, Hopkins

and Mock. (2-4) Since the variation of 0 with wavelength is small, its

value for these calculations may be taken to be a constant.

The Rayleigh formula is known to be incorrect by a factor of two.

If all of the above relations are combined, we find that the intensity

of the back scattered light, in lumens, for 0-0, per lumen incident, per

cm length of beam, per unit solid angle, is

i = 9.05 x 10- 2 8 x n (2-13)s

The intensity of light reaching any particular altitude is equal to

the intensity of the light source multiplied by the transmission factor

up to the altitude. Similarly, the intensity of the back scattered light,

reaching the receiver, is equal to the intensity of the light scattered

in the backward direction multiplied by the same transmission factor.

The transmission losses are due to two factors, The first is due

to molecular scattering, and applies for all altitudes- The second is

due to large particle scattering and applies only to the low altitudes.

The transmission losses that are due to molecular scattering can be

computed from the Rayleigh formula
32 3 a 2n

4 -(2-14)

3\4

which is obtained from Eq. (2-11) by integration over a sphere. Upon so

doin:g, Johnson and Jones conclude, taking into account losses in the

lower atmosphere, that the transmission losses are not great and result
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in a tot--! transmission of about 85% for the first 50 km while the

losses ab---ve 50 km are negligible.

The intensity of the back scattered light entering the receiver

searchlight is given by

is = const n x A/h 2  (2-15)

where A is the area of the receiving mirror and h is the altitude.

Utilizing the availabledata for n, the size of the searchlight, etc.;

a plot of the expected scattered signal may be obtained. Figure 2-1,
taken from the paper of Johnson and Jones,(2-5) shows the estimated

signal.

If negligible losses in the searchlight beam above 10 km are

assumed, thcn the ratio of the signal for any two altitudes is

n ri n (S/So) (h/h 0 ) 2  (2-16)

where S represents the-magnitude bf the signal from altitude h at the

receiver If the lower altitude is accessible to the radiosonde, it

then beczes possible to compute the density profile, with the radiosonde

altitude as the refere:ice altitude.

I: is important to note for further reference, that between 15 and

60 km ihere is a chan-e in the lig.htr signal covering four to five orders

of mw-ni:ule; whereas, from the ground to 60 km the chance in the lizht

sinnal c--:ers 10 orders 0: magnitude as can be seen from F. 2-1in

Fig .- _ ii given di-ac'vyth. R;avleigh scatter "reflectivitv" for back
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scatter as a function of altitude and in Table 2-2 the data for 4000

and 2000 A are tabulated.

In Fig. 2-3 is given an example of Elterman's results for density

and temperature.

2.1.4 Analysis of Laser Possibilities as Geophysical Probe

The purpose of this section is to indicate the geophysical poten-

tialities of the use of lasers in order-of-magnitude fashion, First,

there will be indicated its use in measuring densities.

2.1.4.1 Measurement of Densities

To obtain an indicationof the potential use of lasers for this

purpose a simple line of argument will be used. Elterman in his experi-
"0

ments used as a source a carbon-arc la=p. The estimated total flux in

radiant energy was about 100 watts spread over about 6000 A. The flux

for lasers continuously operated can rtci to about 10 kilowatts. This

gives a factor of increase of about 100 in light output. The normal

atmospheric density decreases exponentially with a relaxation height of

approximately 8 kms for a factor of e This gives an additional height

for probing of about 36 kilumeters; so chat since Fiterman's experiments

routinely gavc data up zo 60 kms, the lasers of the type mentioned should

go up to some 36 kms adaitional or to a7-out 95 kms.

Furthermore, the carbon arc is broad-band, about 6CG00 A "-hil the

laser has a width less :hn I A. This reduct ion in bandvidch a_:lcs the

25
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TABLE 2-2

ATMOSPHERIC REFLECTIVITY (RAYLEIGH)

Altitude -3 -1 -1
kilometers N cm qcm (0. 4.) CM

300 1.52 x 108 2.8i x 109 4.59 x 10-

9 -817
200 2.95 x 10 5.57 x 1018 8.92 x 10

113 i01 -013

100 1.49 x 10 2.82 x 10-14 4.50 x 10

I116 
.- 0I i-10

50 2.23 x 10 4.22 x 10 1 1  6.74 x 10

25 8.32 x 1017 1.57 x 10-9 2.53 x 10-8

11 7.57 x 10. 143 x 10-8 2.29 x 10"7

5 1.54 x 10 2.91 x 10"8 4.65 x 10-7

0 2.53 x:0 19 482 x 10 8  7.70 x 10-7
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use of a narrowband .filter or laser receiver which should cut down the
background illumination from the airglow by a factor of 1000. The exceed-
ingly narrow cone of divergence of the laser which is less than 15' of arc
gives when compared to Elterman's instrument, which had a divergence of
1.5°, a factor of geometrical narrowing of approximately 100. This should

also improve the background noise by a large factor.

The improvement in background by this geometrical narrowing is due
to two main factors. First, the natural background due to airglow,
zodiacal light, star light, etc., is diminished directly by this narrowing.

Secondly, because of the smaller acceptance cone the effect of secondary
scattering from the laser light itself is diminished. In the CW case this

is a direct effect. In the pulsed case this effect is due to a diminution
of tall-off scattering which obscures the returning pulse from the high

altitudes.

Also, because of the better height resolution due to the smaller

volume anticipated by the transmitter and receptor cones, the measure-
ments of temperatures through the hydrostatic equation can be more exact.

As a check on the analogous arz:_ent via Elternan's experiment,

another conputation is made ab initi.a We have

Z AF

.2

hnere

F= total flux at recei-a-

F = iniLial flux from :ransmitter
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3

- Rayleigh backscatter from a one cm volume

length of scattering volume

A cross section of receiver

h height of scattering volume

We chose a setup similar to Eiterman's. Let

h Ok s 17 22 Fh 10 1s cms FO= 10 kilowatts at 3000 A 2x10 2 2 photons/sec

1= 1 km = 105 cms, A Z 3xz104 cm2 (area of a two-meter receiving mirror)

and

qlO0 3x10"
1 4.

Hence,

-14 5 4F -3xlO1 xlO x3xlO x2xl1022
F = 314 = 104 photons - a detectable amount

The optimal technique to be used should be investigated. Some of

the systems are

1. Continuous emission with crossed beams

a. steady signal

b. scatter modula:te

c. rotating beam mzý`lated

2 Pulsed emission

a. total count of

b. envelope ana!-s:si

fence, the se -asers should measure density via Rayleigh
-cztterinz un to conserva:i"ý-7 73 kms, and probably higher up to possibly

0 kz'2
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c .4.

A similar argument holds for pulsed lasers which can run up to

10,000 megalumens (lumen = 1.61xl0 watts at X of maximum visibility)

compared to the 50 megalumens previously used by Friedland et al.

Also, the pulse length can be much shorter and hence minimizes the tail-

off problem that Friedland ran into. Hence, substantial range in altitude

probing seems probable over his results.

2.1.4.2 Measurement of Temperature

By use of the hydrostatic equation it is possible to compute the

temperature from the density profile in a manner similar to previous

"attempts. The temperature, as a function of density, is:

h
T = g/R p gpdh"

where 1 mean molecular weight. The high resolution of the laser

device offers the possibility'of more exact temperature profiles (due

to small angle of divergence).

2.1.4.3 Measurement of Atmospheric Constituents

The measurement of atmospheric constituents by the laser seems a

good possibility, particularly in the lower atmosphere, e-g. ozone.

Unfortunately, good lasers in the far ultraviolet, t 2500 A are not

practical but in the near ultraviolet. ca. 3000 A such lasers may be

developed. Also, in the infrared regions many irasers will be available

shortly. Because of the infrared absorption of many of the atmospheric

gases 03, CO, etc., these irasers should be effective probes The
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vertical distribution of the constituent would be determined from the

scattering curve which would not behave in an exponential fashion and

hence the deviations would be attributed to absorption. Numerical

analyses have been made of this possibility for the carbon arc and will

not be repeated here since the computing technique is similar.

The Russians have already made prototype experiments of this kind

(without laser) using UV broadband'sources.

2.2 The Mass Spectrometer

Herzog et al. of GCA have constructed and flown ruggedized versions

of the Redhead mass spectrometer. In essence, the instrument permits

the measurement of the profile of a single atmospheric constituent. The

sensitivity bf the instrument is such as to permit the measurement at

atmospheric pressure of an impurity of one part in 10 or at much lower

4 .3pressures, a density of 10 particles/cm

The spectrometer has been operated extensively in the laboratory

and its performance has been quite satisfactory. Figure 2-4 shows a

helium peak obtained with the system. Figure 2-5 shows the ouput

currents as a function of the pressure in the ion source The slight

deviation of the linearity is caused by outgassing and the renote loca-

tion of the pressure gauge, and will be eliminated in the near fu ure

Considerable work has been done to improve the electron multii

Electrical breakdown, .which occurred frequently in :he initial experi-

mtents, was el•inated.. It .was caused by marginal dinensions -`i!

insulacors which have been incorprated in the first t ,-hn ,e
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The electronic equipment associated with the helium mass spectrometer

may be conveniently classified into four main categories: the electrometer

amplifiers and the three sub-assemblies that comprise the main power

supplies, a regulated 26-volt supply, a spectrometer supply, and a thermal

r'egulator system to eliminate voltage drift due to temperature changes.

All units have been operated satisfactorily.

Minzner has pointed out that on the basis of an assumed hydrostatic

equilibrium, the temperature profile can be obtained from the density

profile of a single constituent. Of course, the sensitivity of such

a determination would depend upon the scale height (and therefore the

mass) of the selected specie.

Total densities could be obtained from a summation of several

spectrometers or from the forenamed laser instrumentation.

REFERENCES
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3. Solar Flux, Photo-Ionization and Absorption Cross Sections

The photon flux incident upon a region of the upper atmosphere is

determined esseutially by the solar flux (outside the earth's atmosphere),

the integrated absorption along the path (as determined by composition

and photo-absorption cross sections), and the photo-ionization cross section

in the region of interest. These parameters then determine the source

function for ionization (in the rf-breakdown problem) which is external

to the imposed rf-field.

The gross characteristics of line emission and the continuum in the

solar spectrum have been delineated in the revicw. The roles of solar

UV and x-rays have been motivated on a semi-quantitative basis. In

addition, the photo-ionization and absorption cross sections have been

reviewed and listed according to the present state-of-the-art.

There are some notable deficiencies in our information, For example,

we do not have information on:

(1) The secular and spatial variations in the solar spectrum outside

of the visible,

(2) The ccmplete absorption spectra of the atmospheric species below

1000 A-

These parameters can be obtained. Photon counters and filters for

important lines such as monitoring of Lymaa- are availabLe_. These should

be used on satellites to provide a contin:zous monitoring of solar radiation,
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The absorption work can be done in the laboratory with improved light

sources. But the question is, "Are the variations in these parameters

critical to the rf-breakdown problem?" The answer at present is that

the sophistication of the theory is so limited that these parameters

although important are not introduced into the calculations. Consequently,

it would aDpear that they indeed might even be deferred to a later stage

in the development of the theory.

36

~0



4 Reaction Rates

Because of the obvious importance of the field of reaction rates to

the behavior of the atmosphere, both ambient and perturbed, the field is

being very actively pursued at the present time. The existence of such

a broad program will then impose certain ground rules for any suggestions

on the improvement of the current state-of-the-art. In short, these are:

to refrain from duplicating existing experiments and to avoid expensive

and complicated techniques that might require a considerable extension

of present capabilities and therefore involve long periods of time before

concrete results are obtained. Within this framework, the following two-

fold program involving both atmospheric seeding and laboratory instrumen-

tation is suggested.

4.1 Reaction Rates from High Altitude Chemical**eleases

Marmo et al (4-) have indicated that chemical releases in the upper

atmosphere under varying conditions such as altitude, degree of solar

illumination (using the atmosphere as a controllable screen), specie, etc.,

cant be used effectively to get rates for many of the reactions pertinent

to the dynamics of the upper atmosphere.

In a typical chemical release in the altitude regime of interest here

(90 -120 k a) alkili r1etals such as sodium, cesium, or lithium may be used.

They rels-aed a-z: : tez-perature w:lich, combined with solar radiation

a 70 S5=Ž�Vc:•*r proesse s results in the creation of a snall percentage
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of free electrons The chemicals expard initially r.- apprcxima'e!v ,

atrospheric density and then continue to expand radiatly (but less

rapidly) due to diffusion processes. During this latter phase of the

expansion the electron population is depleted by the various attach-ent

processes. Radar observations of the expanding electron cloud then

meaqt~re the rate of electron depletion. From this, from tl-e altitude

depejdence discussed above, from the fact that well-defined chemical

(or diectron) clouds can be seeded at selected altitudes, and from the

fact !that a wide selection of suitable chemicals for seeding purposes

are at the disposal ot the investigator, one should be able Lo exL aaL

reliable values for chemical reaction rates of interest.

In general, the success of this tool depends upon several factors;

(1) The ability to produce and/or reproduce a particular chemical

release (e.g., reaction temperature, completeness gf reaction, etc.).

(2) The ability to observe significant characteristics of the creml-

cal cloud (electron density by radar, atoms by optical emission, etc.)

(3) The ingenuity of the researcher in the fabrication of model=

such that the various processes, say, the loss prccesses of electrcni

(diffusion, recohbination, attachment., etc-) can be rzadily delineatre

TýeSe three vital aspects have been acbieved and have forMied the bazis

of evaluaticn and interpretation of both the initial series of relie-=5
(4-?)

by Marmo et al and the much more inclusive serie f of releases
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Rosenberg er al(43$ It might be pointed out that the conclusion of t%'is

series of tests does Pot mean that there has been full utilization cf the

electron cloud as a tool for investigating the parameters of the upper

atmosphere. There are other uses (of the contaminant release) which have

provided the motivation and predominated in the design of the tests.

The phenomenology of the release depends upon such parameLers as

chemical yield of the contaminant, thermal ionization efficiency,

ambipolar and neutral diffusion, photo-ionization cross sections, chemical

consumption, etc. Depending upon the pertinence of the interaction to

a particular release, the investigator must be able to pull out piecemeal

each of these parameters, It.would be remiss to enter into a detailed

description of each and the appropriate solution of each type of release

as a function of altitude. Actually, the dynamics of the release is given

by the continuity equation, and the solutions of a score of these

characteristic equations were given in Chapter 7 of Atmospheric Processes.

However, it is advantageous to demonstrate that each atmospheric para-

meter can be distilled out if sufficient ingenuity is applied, Consider,

for example, the parameter of diffusion. Figure (4-1) shows the appli-

cation ef a particular mathematical model to a series of releases ....ich

varied in altitude Note that the selected mathematical model of diffu-

sion control is co.-mletely successful in giving the time history of the

release for release altitudes of 110 to 138 km. At 94 and 100 km, other

interactions such as chemical consumption and attachment are important

enough to materialiy effect the electron density. But, and this is the
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essence of the entire matter, the releases under a diffusion-controlled

configuration have made it possible to separate out the diffusion contri-

bution in the complex release. In a similar manner, each and every atmos-

pheric parameter including rates of pertinent chemical reactions can

be defined or evaluated.

4.1.1 Radiative Attachment to Atomic and Molecular Oxygen

An examination of a typical reaction is offered'as an example of the

dynamics of contaminant releases in the upper atmosphpre, the choice being

attachment to oxygen, The dominant processes of attachment of electrons

in the pertinent region of the upper atmosphere are,

two-body radiative attachment

O+e-•O +h•,

0 + e 02+ h022

three- body attachment

02 +e 02 2 0 2

•nni (-nc wpll aq Rioch And RrAdbtzrv at an earlier date) has measured

in the laboratory the three-body rate of attachment for molecular oxygen.

_-30 6 -1the resulting rate being of the order of X LVJ cm sec Siniliar

laboratozrv measurements on the rates of radiative attac'-ment in molecular

oxygen have no- been achieved in the laboratory- One reason, of course,

is the relative speed of the copnetitive process cf three-body attachment.

in order to circumvent this difficulty, it is necessary to go to much

_MO-M-... ..----



smaller pressures, but then the radiative flux becomes too s:mall to

measure and/or wall effects become important. As for atomic oxygen,

measurement on such a specie in the laboratory is not realistic since

the lifetime is too small.

How radiative attachment rates of.both atomic and molecular oxygen

can be accomplished by cogent experiments in the upper atmosphere is

sketched as follows.

When a point-release electron cloud is formed the chemicals exoand

almost imnmediately to a particle density approximately that of the 'abient

after which they diffuse outward much more slowly. Man release experiments

have indicated that the radial particle distribution in the electron cloud

is approximately Gaussian and remains so for a relatively long period of

time. The important parameter for this distribution is the Gaussian

half-width r 'The second important parameter is the diffusion velocity
0

which is implicitly contained in the diffusion coefficient D. Both r 0

and D have been determined rather accurately for many different altitudes

and for many different types of chemical clouds. Above an altitude of

about 100-110 km (see Figure 4-1) the chemical cloud expansion is clearly

diffusion controlled and chemical consumption and turbulent processes are

unimportant. However, below these altitudes the latter tuo processes do

become important, and though complicate the analysis, the contributions

of these, processes are separable.

The eqsential characueristics of releases in the exponentially varying -
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atmospheres are:

(1) In the altitude regime between about 90 km and 120 km the

oxygen content in the atmosphere suffers a marked change. At 90 km the

concentration of molecular oxygen is about 100 times that of atomic

oxygen. As the altitude increases above 90 km the molecular oxygen

photo-dissociates so that at about 105 km the concentrations of

molecular and -atomic oxygen are approximately the same, and at 120 km

the concentration of atomic oxygen is about 10 times that of molecular

oxygen. These facts are clearly depicted in Figure 4-2 where the

atmospheric concentrations of atomic and molecular oxygen are shown as

functions of altitude. The-importance of this profile is that it enables

the investigator to sort out three general altitude regimes: chemical

interactions involving molecular oxygen predominate say between 90 and

perhaps 100 km, those involving atomic oxygen predominate above 115-120 km,

and interactions involving both atomic and molecular oxygen are jointly

important for altitudes like 100-110 km.

(2) Atmospheric temperature and pressure both vary considerably

between 90 and 120 km_ The pressure dependence should provide the

means of isolating three-body reactions (these are more important at

the higher pressures, lhence at the lower altitudes) from the two-body

radiative reactions whIch ;hould be more importint at the hirher

altitudes To what extent chemical release measurements can bd refined

so as to yield temperature data remains to be d-ýtermined,
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(3) Both atcic and molecular oxygen have strong positive electron

affinities whereas molecular and atomic nitrogen have negative affinities.

(4) Atmospheric constituents other than oxygen and nitrogen are

present in only very small amounts.

(5) In the altitude regime between about 90 and 120 ktm chemical

seeding techniques are particularly amenable to chemical reaction rate

analysis. This is because chemical consumption is minimal and because

diffusion rates are relatively slow thus allowing for long observation

times.

Item (1) should provide the means of isolating the rates of radiative

attachment to atomic and molecular oxygen. Item (2) should enable one

to distinguish two-body radiative attachment from three-body attachment.

Item (3) can distinguish reactions involving oxygen from those involving

nitrogen. Item (4) extends this distinction to all constituents other

than oxygen. And Item (5) extends the analysis to constituents which do

not naturally occur in the upper atmosphere yet retains a correct

environment free of wall effects.

It is possible to state the case in a sophisticated vanner: for

measurements at a sufficiently high altitude so tiat three-body attach-

ment is not important but sufficiently low so that the presence of

molecular oxygen is still important the attachment probability is

•(h) = k2'Ol k2 [021 (4-1)
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where the brackets [ I indicate concentrations. Then from several

measurements of • at different altitudes, and from a knowledge of [0o

and [01, we can in principle determine k and k

2' 1

At the lower altitudes where three-body attachment predominates

similiar expressions for rate constants of three-body attachment to

atomic and molecular oxygen could be obtained.

Collision cross sections ao may be simply obtained from the rate

constants ki in case the ai are temperature and pressure independent.

.Tfie following formula is then generally valid:

D /kT (D
k = Vir e i (4-2)

where D. is the interaction energy and v. is the relative velocity.

4.1.2 Associative Detachment

A second example of the scheme is the reaction of associative

detachment

0 0 2 0 3

Dalgarno states that for this reaction a rate as high as I10 cm3 sec-1

cannot be excluded. Yet a simple examination of the data on .igh altitude

chemrical releases indicates that a maxi=_m rate for this reaction is
0-13 3 -1

10 cm sec
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For an optimum effort in rates by high altitude releases, new

ex-periments would be conducted, and perhaps even new tools such as the

Puerto Rico dish (employing incoherent back scatter of electrons)

applied. However, in the modest effort proposed here, the costs of con-

ducting supplementary tests are circumvented.

4.2 Reaction Rates from Laboratory Program

Marmo has suggested a group of experiments to measure some of the

present unknown rates employing such selective techniques as photo-

dissociation. For example, consider the much discussed reaction of atom-

ion exchange, which was originally assigned a rate by Bates as high as

10-9 cm3 sec"I (later estimated as 10"12 cm3 s -)

+ N NO + 0
2

It has been customary in measuring rates of such reactions to create

the ion specie by electron impact. Unfortunately, such a means is not

particularly selective, and a number of ionic species and excited states

are formed in addition to the one desired. This complicates the measure-

ment considerably. Mamols idea is to employ s fic phot"o-disscciation

and photo-icnization to create a particular specie. In the above measure-

ment, co :::ec:ing with a mixture of N2 and 02, we have;

13
02 h. (1470 or 8,45 ev) -. 0 (ID) 0 P)

0 o) )- hv (11.6 ev) - 0 e

0 -N 2 NO' + N
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The ionization and dissociation energies of the gases involved are.

Ionization (ev) Dissociatl'on (ev)

3
0( P) 13.6

0( D) 11.6

02 12.2 5.12

N2  15.6 9.76

NO 9.
6.5

The energies of the selected photons are therefore such that formation

of NO' proceeds by a unique process. The ratio [NO+1 (0[] as measured

in a mass spectrometer can then be related to the rate.

In sunmmary, then, a modest program combining simplifed laboratory

measurements with the detailed study of release of contaminants in the

upper atmosphere gives definitive results which can improve the existent

state-of-the-art for reaction rates.
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5. Transition Probabilities

In the sequence of events leading to breakdown by the coupling of

rf energy to a slightly ionized gas, inelastic collisions between elec-

trons and neutrals result in the excitation of electronic, vibrational,

and rotational levels. The lifetimes of these levels (essentially the

inverse of the transition probability) then determizne the energy loss

due to radiative transitions. Whether or not the radiated photon es-

capes from the medium depends upon the population of the lower (energy)

state and the photo-transition probability. The relative (oscillator)

strengths for the various means of excitation are given roughly by the

characteristic figures for electronic excitation, 0.1 to 0.5 ev for

vibrational levels, and 10°2 to 10-4 ev for rotational levels. These

figures are to be compared to the average energy gain for electrons

between collisions; essentially all the energy is randomized in a

single collision, the factor being (1-m/M). In air at an equivalent

altitude of 30 km, the breakdown field is of the order of 107 watts/m2n

Dividing by the flow velocity yields the energy density ( E 2) whicha 0

is of the order of 0.04 joules/m 3, or E ~ 400 volts/cm. The mean free

path of electrons at this altitude is about 5 x 10-4 cm, so that the

energy gain per collision is of the order of 10-2 volts. Since this

is of the same order off this vibrational energy increment, the impor-

tance of the cross sections for these inelastic collisions is clearly

demonstrated. It appears that electronic excitation in oxygen nccurs

at 2.7 ev, but there is also evidence of vibrational excitation at a

ie• tenths of an ev. The manner in which these various factors enter

into t-e Boltzmann equation is given in Svcticn 7.2.
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The subject of transition probabilities of all atomic species which

are relavent to the ambient atmosphere (an atmospheres contaminated by

particular chemical seedings) has been adequately treated by A. NaqvL in

Atmospheric Processes. To give an estimate of the accuracies "conferred"

upon the values for atomic transitions, it is considered that the theore-

tical values are good to ± 10% while the experimental uncertainty is +

30%. In spite of the i'nability of The experimentalists to substantiate

the theoretical results, the latter are considered to be on firm grounds

established by the quantum theory.

The question now is - what is to be done to advance the state-of-

the-art so as to provide information on transition rates which may be

- -- essential to a complete understanding of the mechanics of breakdown.

There are three steps which sug;est themselves and they are given in

the order of increasing complexity as well as degree of importance to

the breakdowm problem. These are: First, to extend the calculations

on atomic species to other heavy atoms. These atoms can result from

nuclear detonations but the extension may be more of esthetic than prac-

tical value. The second and more important step is to calculate the

transition probabilities of the molecular species (e.g., 02) N NO, etc.).

The former can be accomplished a relatively simple extension of the

screening theories of Layzer (Section 5.1). 'Hiuever, the problems intro-

duced by going to molecular species (Section 5.2) are inherently more

complicated. The third step is :o obtain the cross sections for excita-

tion of these various states b. electron impact. Unfortunately, there

is no unambiguous procedure of ez-Ioying the results of the more tract-

able photo-cxcitation to the pr:cess of excitation by electron impact.
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5.1 The Complex Atom*

The probability amplitude for a radiative transition A -- B in a

many-electron atom is proportional, in a first approximation, to the

matrix element KBIU BIA> , where D is the total electric moment

of the atom and u is the polarization vector of the absorbed or emit-

ted photon. If on.e-makes the further approximation of assigning the

states A and B to definite configurations, the matrix element reduces

to a product of two factors, one involving spin and angular coordinates

only, the other involving radial coordinates only. Since all matrix

elements connecting a given pair of configurations have the same radial

factor, the spin-angular factor, which can be evaluated by means of

standard methods in the theory of atomic spectra, determines the rela-

tive strengths of Zeeman components in a line, in lines in amultiplet,

and of multiplets in a transition array. Thus the determination of

absolute transition probabilities hinges on the radial factor.

One can allow for configuration interaction by assigning the

states A and B to mixtures of pure configurations. Once the components

in such a mixture have been chosen, their relative amplitudes can be

evaluated with little difficulty. The transition matrix element

-DI,• may therefore be regarded as a kno-n linear combination

of matrix elements connecting pure configurations, and the problem re-

iduces formzlly to one in which configuration interaction no longer

res explicitly, though in fact, as we shall see, its most important
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effect still rema.ins to be taken into account.

The radial factor is proportional to the transition integral

CD

[(ni, n'29 = P r P , (5-)
0

where P and P are the radial wave functions of the active electron

in States A and B respectively. The factor of proportionality is a

product of integrals of the type

Io(n) PA nB dr, (5-2)

one for each inactive electron, and is normally very close to unity.

Although the radial transition integral depends explicitly on the

"radial functions of a single electron, each of these depends implicitly

on the entire set of radial functions for the state in question. Thus,

if configuration interaction is neglected, the best radial functions for

a given atomic state satisfy a set of simultaneous integrodifferential

equations (the Fock equations), a typical member of which has the form

-2 2 - r jn2 En nz nz*
[ 2 •(2•I) Z - Sn•(r) ] 53

[2 dr 2rj

The screening function Sn, and the exchange function X are actually

functionals of all the radial functions in the set, and their forms de-

pend on the quantum numbers S and L as well as on the configuration

quantum numbers,

Allot:in2 for configuration interaction by assigning the states A

and B to specific mixtures of configurations, one arrives by way of the
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variation principle at a set of "generalized Fock equations". A typical

member of this set has exactly the saze forj as a typical Fock equation,

but the exchange term XnZ in the generalized equation includes contribu-

tions arising from configuration interaacion as well as from exchange.

This is the effect of configuration interaction.

Numerical solution of the Fock equations, even in their original

form, presents too many practical difficulties to serve as an adequate

basis for extensive calculations of f-values. Besides, such a procedure

would tell very little about the accuracy of the results. One needs to

simplify the equations, not only in order to be able to solve them, but

also in order to gain insight into how various aspects of their structure

affect the accuracy of transition integrals evaluated from their solu-

•* tions.

Owing to the form of the integrand, the value of a typical transi-

tion integral depends strongly on the behavior of the radial functions

at large distances from the nucleus. This behavior is in turn largely

deLeri-ined by the energy parameters relating to the active electron in

the initial and final states. Finally, the energy parameters are related

to ionization energies whose values can be fcund by experiment. All

these relations are of fundamental importance to the problem.

5.1.1 Asymptotic Form of the Radial Functions

As r increases, Sn - N-I, w.here N is the number of electrons in the

system, and Xn- 0, so that the Fock e=ua2ion for P. reduces to the"n n,

radial wave equation for an electrcn in a Coulomb field,
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22 d- 2(2Z+I) Z -N +1 E p (54)
2 dr2 " 2r 2 r nZ= En2  n

It then follows that

A (n : 4)] 1/2 2Zr1L-' [2 (n *, n) (5-5)

(z z - N -- 1)

where W is aiittaker's hypergeometric function, and n*, the effec-

tive principal quant,--2 number, is defined by

E Z- (5-6)

EnZ = 2n*2

The normalization factor A has been chosen so as to have the value A

when n* is an integer. Apart from this factor, the asymptotic form of

P thus depends- entirely on the value of E (or n*).

The parameter Eny has a very simple interpretation. Let U denote
a given electron ccnfiguration minus an ni electron, so that (U) = (U+)

I

Wne). •hen the sy-s:eM as a whole is in a definite energy eigenstate r,

+
the subsystem whose cýrzfiguration is U will not normally be in a definite

ene of its energy e3zeastates but in a mixture of them. Let E(U •J) de- t
note the expectacic= value of the energy of the subsystem when the system

as a who le i"s in tý State If E(U denotes the absolute energy of

the state F, then -_- = E(U!t) - E(U-) V . Thus EnI is the expectation

value of the ener:: aff :he system relative to the "core" (defined as the I

system minus an n. elec-ron). This result re=ains valid if the state F

is assi-.-ed to' a of---'r o configurations instead of just one.
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The energy of the core is not the sane as the energy of the ion

formed by removing an ng electron from the atom. The former is always

numerically greater (smaller in magnitude) than the latter, because the

ni electron tends to shield its companions from the field of the nucleus.

It is convenient to define the energy of a system relative to its

parent ion, E*(Uvjr), by analogy with the definition of E(Uj+r). Thus

E*(ujr) is minus the expectation value of the minimum energy needed to

ionize the system. Though unconventionally defined, this quantity does

admit in principle of direct experimental determination. In practice,

only the energies of the ionic states are known, not their probabilities.

However, the latter can be calculated by means of standard methods in

the theory of complex spectra. We may therefore look upon the energy

of a system relative to its parent ion as an observable quantity. De-

noting this quantity by W%, we have

S E(Ujr) E*(Ujlr), (5-7)

so that

ti-E ,=E (tjr) - £(u!r) > o. (5-8)

This difference represents the effect of screening by the ni elec-

tron on the energy of the core and need not be small compared with -W

Some recent quantitative studies show that in neutral atoms (W2 - En r

is appreciable compared with -Wn, w:henever the core contains one or

=ore electrons that belong to the same shell as the screening electron,

and increases :ith the number of such electrons. For the ground state
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of -:0, with its eighr L electrons, the contribution of 2p electron to

the core energy turns out to be several ti-es as great as the ionization

energy itself. These studies also show that the relative importance of

the screening contribution diminishes with increasing degree of ioniza-

tion along an isoelectronic sequence.

When the principal quantum number of the active electron exceeds

the principal quantum numbers of all the core electrons, its contribu-

tion to the core energy is usually small, though not always negligible,

5.1.2 The Coulomb Approximation

A transition, and the states it connects, is "ý,ussi-h;d`rcgenic" if, in

both states, the principal quantum number of the active electron exceeds

the principal quantum numbers of all the core electrons. Except in0

alkali-like atoms, transitions to or from the ground states of many-

electron atoms rarely qualify for this label. Oa the other hand, quasi-

hydrogenic transitions between excited states are very co n.

Most, though probably not all, quasi-hydrcgenic transitions satisfy

the fotlowling two conditions:

I. The active electron shields the ccre electrons so ineffec-

tively that Wi, En and W E -

2. The value of the transirion integral depends almost entirely

on the contributions from a range (r oo) within which the radial func-

rions mav be placed by their asy--pcotic forms.
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If these conditions are fuilled and if the energies W and W

are known from experiments, the transition integral can be evaluated,

apart from the normalization factors A and A', since it can be approxi-

mated by an integral over the range (r , o), within which the integrand

is known to a good approximation. Extensive tables of such integrals

have been published by Bates and Damgaard,5 these incorporate earlier

calculations of the same kind by Hylleraas. (5-2) The principles under-

lying the approximation, however, have been exploited much earlier by a

number of authors, though in a less explicit and less systematic fashion.

Let r denote the averae nuclear distance of an electron whose

radial function is Pn (r n2= Pn rP ndr), and let p denote the geometric

0

mean of r 2 and r The pure number 1 - Q with Q = I(n1, n'l')/p,

measures the extent of cancellation between positive and negative contri-

butionss to the transition integral I. By Schwarz's lemma, Q < 1, with

equality only when nZ T nt2 1 . The smaller Qis, the more stringent be-

comes the second of the two conditions given above.

This condition mnay be ti-ritten in the form

r
c

S_ .. dr << Q. (5-9)
0

if Q " 1, chs L v ~a~i::. is yea.er than the conditions

r r
C C

P.- d ' « 1 di << . (3-10)

o
Pn-• ... r2



for the normalization factors A and A! to be close to 1, so that in some

circumstances one may be able to improve the approximation by using more

accurate values for A and A' than A = .= 1 Seatonx5°3 has shown how

to derive such values from the energy spectra in which W n and Wn 1t are

imbedded.

Even when the two conditions that are necessary for the validity of

the Coulomb approximation are satisfied, the quantum defects n-n* and

n.-ng* may be substantial. Only for very highly excited states are the

quantum defects negligible. These states are hydrogenic, not merely quasi-

hydrogenic. For them, the Coulomb approximation is trivial. Thus the do-

main within which the approximation can usefully be applied seems to have

rather clear-cut boundaries.

5.1.3 Beyond the Coulomb Approximation

Before turning to specific proposals for going beyond the Coulomb

approximation, let us consider in a general way what this would involve.

Transitions in which the active electron belongs to the same shell

as one or more of the inactive electrons do not normally meet either

of the tx:o conditions previously mentioned. If the active electron be-

ioags to the same subshell as one or more of the inactive electrons, it

is a!most certain that neither is fulfilled. This means that we can no

lonýi-r rely on experim-ent to furnish E ,, and therefore we can at most

1poe to de-:elop methods that will apply to transitions for which the
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energy para-meters can be predicted with sufficient accuracy.* Moreover,

the effects of the nonconstant part of the screening function S and of

the exchange function X on the form of the radial functions can no

longer be ignored.

Because one can z'lways evaluate energy parameters more simply and

with greater precision than wave functions, it is useful to regard the

evaluation of E as Lhe first step toward a determination of P

Given Ent, together with suitable approximations to S and Xn.,one

could integrate the equation for P inward from infinity. The solu-

tion would deteriorate, of course, as it approached the origin, and ulti-

mately diverge; but such solutions could still yield accurate estimates

for transition integrals.

5.1.4 Application of the Screening Theory

As is well known, the predictions of the standard theory of. atomic

spectra concerning absolute term energies are subject to large errors

of a systematic. nature, arising from the neglect of configuration inter-

action, Recently, an alternative, theoretical scheme has been proposed{

for describing complex spectra (Layzer') whose principal features

are as follow:s:

I BV a[Iowing the nuclear charge Z to enter explicitly in:o

"ý"Sufficient accuracy" means in practice that the effective principal
quantum numbers n* and n'* must be knoi-.n to within small fractions of
unity. The s--ailer the value of Q, the more accurately the energy I
param-eters nced to be knot,:n.
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all the calculations, one is able to classify the effects of configuration

interaction in a physically significant manner and to work consistently

to a given order of approximation.

2. Certain interactions between configurations are taken into

account in the first approximation, namely, those connecting states be-

longing to the same "complex", a complex being defined as the aggregate

of all states belonging to a given set of principal quantum numbers and

a given parity,

Within the framework of the approximation defined by the require-

ments that Z enter explicitly into all the calculations and that all

interactions connectfng terms in the same coplex be taken into account,

the simplest theory is that based on screened -•ydrogenic radial functions.

The best screening parameters are those defined by the variation principle.

In spite of its simplicity, the screening theory accounts quantitatively

for the main regularities characterizing term spectra in isoelectronic

sequences. Its predictions are also free fro= the systematic errors

associated with the usual theory.

The predicted term energies have the for

-9

14 = W z , Z z+ -0O(z), (5-11)

apart from relativistic corrections. The firs: :-,o coefficients are

given exactly by the tý:eory, tue remaining cnes only approxirarely. 1he

absolute accuracy of these predictions, so a:r zs it has been tested,

appears to be quite good in -•derately and highly ionized syszems.



In neutral atoms, the terms of order 1/Z are often conspicuous, and the

agreement between the screening theory and experiment is less good.

Let us now return to the problem of determining suitable radial

functions for evaluating transition integrals. To begin with, we are now

in a position to fill a gap that we left earlier in our discussion of the

generalized Fock equations. We assumed that the states A and B could

each be assigned to definite mixtures of pure configurations. It is now

clear that we must allow for all interactions within a given complex.

The mixture coefficients, or relative amplitudes of the configurations

in a given mixture, are then independent of Z and their values are

given by the screening theory. We do not in this way allow for all the

effects of configuration interaction, but we allow for the most impor-

tant ones and we ensure the correctness of the first two terms in the

expansions of the E n.

In a first approximation one could use values for En2 and En,

calculated according to the screening theory. As for the troublesome

terms S n and XnZ, these are of relative order I/Z compared with the

other terms in the equation for Pn. Probably it would be a sufficiently

good approxizrzion to use screened hydrogenic functions to evaluate them.

Mec eqation for F, would LI:c:, reduce to either a single, independent,
n,,

linear inzesro-differential equation or to an inhomogeneous differential

equation, de:endin- on how one dealt with the occurrences of Pn, in the

functional X.. In either case a numerical solution would present no

difficulty T',e :uclear charge Z would appear explicitly in Ohe equation,
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and could probably also be retained in the solution. Thus a single

numerical solution would furnish values of transition integrals for homol-

cgous transitions in an entire isoelectronic sequence.

5.1.5 Transition Integrals in Highly Ionized Systems

InTan approximation that becomes increasingly accurate as Z increases

along an isoelectronic sequence, one can evaluate transition integrals by

using screened hydrogenic radial functions, the screening parameters being

given by the screening theory. Va •savsky has carried out a detailed

comparison between the results obtained with this method and those ob-

tained by means of more elaborate and (presumably) more accurate methods.

For certain classes of transitions (e.g., transitions in which the prin-

cipal quantum number undergoes no change) he found a remarkably close

correspondence between the two sets of predictions, extending even to

transitions in neutral atoms.

Since the comparison data were largely of unknown accuracy, the

meaning of this result is not entirely clear. However, to some extent

one can estimate the accuracy of transition integrals calculated on the

screening approximation indepcndently. A given integral can easily be

evaluated as an explicit function of Z and of the screening parameters

for the initial and final states. This integral is accurate to terms of

rýAiuzive order 1id. Now, srall changes of the screening parameters will

also produce changes of relative order I/Z in the value of the integral.

Moreover, one can estimate the inherent uncertainty in the values of the

screening parameters. Thus one can estimate one of the contributions to
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the error; and it is not unreasonable to suppose that the renaining con-

tributions will usually be of the same order of magnitude. In this way

we arrive at a simple and useful criterion: If the value of a transition

integral is insensitive to small changes in the screening pararmters it

is fairly reliable.

5.2 Transition Probabilities of Molecular Species

In Atmospheric Processes, the Morse potential functions for 02, N2 ,

and NO as calculated by Forrest Gilmore (Rand Corporation) were presented.

It was indicated (e.g., by inclusion of the repulsive state in 'NO suggested

by liarmo) that the listing of the Morse curves were incomplete. Recently,

Hiescher(5"6) has discovered several more of these repulsive states.

These should be explicitly added to the overall picture since their inclu-

sion is essential to the proper interpretation of experiments on lifetime

of metastable state, etc. Gilmore also listed approximate values of

these lifetimes (inverse of the transition probability) of some of the

mtetastable states involved. Again, these listings are both incCelete

and insufficiently well determired. In the interactions of w:aves and

plasras, in addition to the electronic transizion probabilities, one re-

quires the vibrational and rotational transiion probabili-ies

Lne theoretical vibration eizenvalues E can be deri-.-ve fre= the

series:

C 0-12)
h -;" ( - 1/2) .- . (3-2
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which essentially determines the shape of the potential well.

Usually ýe. "e Xe and ye are experimentally determined. The vi-

brational wave functions are, of course, interrelated to the vibrational

eigenvalues and the assumed shape of the potential function, that of the

Horse function being

V(r) D De 1 ea ~ e )1 (5-1 3)

The Morse potential leads to an exact solution of the wave equation

H e)= in terms of Laguerre polynomials, but the Franck-Condon terms

f 4 ,1 dr 2 converge so slowly that the calculation of the vibra-

2. 22]boeve
tional transition probabilities R2 = I R ý.l *v" dr becomes

cumbersome. In the above, R is the electronic transition moment.] "-e
Among the various suggestions, Bouigue (57) Fraser et al

Bates(59) and Wu(5-10), the suggestion of Wu concerning the possible

application of the WKB (phase integral)zethod may provide a convenient

soluticn. The WKB method has the advantage of being valid from any

arbitrary potential function which is not as radically asymetric or has

large gradients. it also automatically takes irto account the shift

oi the internuclear distance (r ). Furry has indicated that ine

the zero~th vibrational level, the deviation of the WKB amplitudes are

or the order of For higher vibrational levels, the agreement should

gradually i-pro%:e

E-e vibratic:ial quannum nxmbers of the oscillator having the poten-

tial function V(:-:) a given by the phase integral

0
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1 2

=~~2  2l2 Ir-VxI1/ dx

xl

= (i + 1/2) v (5-14)

where the integrand is the classical momentum of the oscillator, and

x and x2 are the classical turning points (the momentum vanishes).

Forms of V(x) have been given by Hulbert and Hirschfelder,.(5- 1 2)

The WKB method then gives the approximate solution to the vibra-

tional wave function as exponential in the two regions outside of the

turning points and a cosine function inside these limits. From the

wave functions, the vibration transition probabilities as given approxi-

mately by
2 -[ 1
R = 2vi r, dr (5-15)

can be obtained by computor methods.

One may conclude that it will be no simple task to get all the

photo and (electron) impact transition probabilities required in the V
Bolrzmann equation for the interaction of an rf source with a slightly

f
ionized gas. Yet, this =ust be accomplished before this mrathematical

discipline, i.hich can in principle describe the co-Plicated state, -

is fruitful.

5.3 Excitation by Electron Impact-

The quantum mechanical solution of electron impact with an atonic

specie has received considerable attention - at least for the case of the .

hy.r1gen atom. The ham-iltonian for the tt:o electrons involved is given by

From ,Rev. -',z 2 3, l,9 (1956). rI

-. .=- • (.6 6 . ........



2 2 2) e2 2 2  22 e_
2n Vr 1 2  r 2 (5-16)

2n 1 2r

To obtain solutions to the wave equation (H* = c), it is customary to

utilize an approximation of the form

Cr( -ro (2 +)~ (r-,) F G'2 (5-l7)

wherein the degeneracy between impact* and bound electron is conveniently

ignored. The F + takes into account both discrete and continuous

states respectively. Substituting the approximate form of 4 in the wave

equation, multiplying by the complex conjugate * and integrating over

space, one obtains the infinite set of simultaneous equations

+ k2 Fn ( + U Fm (5-18)

where

2m -* dr
nm n to 22 'nr"m 12

and

2 2m
n h n.

Asymptotic solutions of the subsidirry functions (F) can then be ob-

tained frcm the usual criteria that the wave function Is -:ell behaved,

and that the interaction vanishes for large distance (r,); these have the

ik r
-0"• •"n "2- O

S'cbsriat 2 den-:cs C-e i=act electron.
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For the solid angle increment d'J) (Ot), the differential scattering cross

section for excitation of state n is I =n ( 2

For fast impact electrons (i.e., when the energy of the Impact elec-

trorn is much greater than the binding energy of the bound electron) the

perturbation is small, so that the Born approximation is valid. However,

for the case of rf-breakdown, fast electrons are not involved, and the

Born approximation is inappropriate. A weaker restriction than that of

the small perturbation (the two-state approximation with close coupling)

is to as-iae that except for those terms associated with the initial

atomic state, the diagonal terms of the matrix Un predominate over the

non-diagonal ones. Physically, this implies that the distortion of the

initial and final "wave" of the impact electron by the mean static fields

of the atom in both its initial and final state is included, bujt that

intermediate states of the system are ignored. Under these conditions,

the vave function and the set of differential equations become:

(2 2 0 =

/2 2 .
kn -n F n Uno F (n "0O)

_ ~( )0  (r)F F2 (2 (5-20)

Com.-encing from FO, the equations can be solved by iteration. --e dis-

tr-zd wave being given by the first term in the series.

The dc;encracy bet;;een thc impact and bound eleccrons cý-_ be taken

into account in the tuo-state appro:.:i-ation by includin terz=a which are j

00:

I 7M



0F

either symmetric or antisy.-=etric (denoted by superscript ) with respect

to spatial interchange. The " function and the wave equation then yield:

Il 4 . (rl) I- (r (r2 F0  () + n1 (r F (

(r~ F (r) (5-21)

S402 (r K0 0 (r 2 r2) FO (r') d r'

V 0 00 0 FO 2 20  2 2

(5-22)

( +2k U" n) F 2(r K (r r+) F+ (r2) d r'
n - nn 2'2 2

o • 0 2 2 2 0 2 2

(5-23) '

where KOO' K~n 'nd Knn are given by

r.. .2
K :n ) (r (r) ikn -- • e =K7Mm nh2 2 ( nm (5-24) r-

In keeping with the two-stace concept, K and K represent additional.00 nn

distortions of the initial and final electron waves, while K is a coupling
_On

contribution which induces transition betw•een the tT..o states. The differ-

ential cross section now takes the for=

i - • 3 - •
1(, :) d- f (2)- - f (-) d: (5-25)
n 4 n 4 .
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In this exchange and distorted wave approximation, whee UOn and KOn are

small, the iteration proceeds rapidly yielding, say for the process of

elastic scattering

( +2 k 0 )0 F + ±K (r' r2 FO- (i) d r2= 0 (5-26)

th
and for inelastic scattering (for n state)

(v2 k2n Unn) F n + Knn (r;, r2) F- 2 2

-U F- + K (rU r) F (rt) d r'no 0 no 2'. 2 1 2 2

(5-27)

Bates(5-13) and Seaton(5"14) have shown that in the case of colli-

sions of slow electrons with atomic oxygen, additional terms must be

inserted to allow for close coupling to intermediate states of the same

configuration. If, further, the small energy difference between these

states is ignored, the problem remains a tractable one.

Lue restriction appropriate to the several approximations can be

listed as:

Distorted wave K K = K = OU is small
00 nn On 'On

Potential distorted
exchan~e are small

00O 'n, ; On' arsal

Exchange and potential
distorted ex-cha;'ze - Kn, U~ are strll

Close Counlin; it'h"

e::c:ane - 00 K n K O 0

e::icnnze .
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From an examination of the results of the various disciplines for

the relatively simple case of the hydrogen atom, it appears that the

distorted two-state approximation is sufficiently accurate, provided

that the exchange interaction is included. For transitions involving

several states of nearly the same energy, coupling between states must

be considered.

Insofar as the rf-breakdown is concerned, the interest is quite

naturally in atomic and molecular species such as N2 , 02, NO, 0

rather than atomic hydrogen. For these cases, it is more realistic to

resort to measurement to obtain the necessary cross sections for ex-

citation.

In "Atmospheric Processes", cross sections of only a few of these

pertinent electron-neutral excitations (or de-excitations) were listed./
These included:

From Seaton (for atomic oxygen)

3F - D 1 D_. 3P
- 3p P . ; S s -I D

1iS -- 3 pf 3i i

for atomic nitrogen

4 S 20D 2 D 2 p

4S, 2p D 2 4
S D- S

From Perceval(5"16) (for atomic oxygen)

3 3
3 "

p 3p FP
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From Stew:art

0 - 0, 0 - 1, and 0 - 2 N* bands
2

N gX E' -ý* (B3Zi)

This brief summation gives some idea of the dearth of data in the

areas of electronic, rotational, and vibrational excitation of perti-

nent species (especially N2, 02 and the oxides) under-electron impact.

0

i
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6. Radiation Losses in RF Excited Plasmas

The rate of energy loss by radiation is essential to the determin-

ation of breakdown threshholds. In particular, there are at least two

types of radiative processes to be considered. The first and dominant

process includes all microscopic interactions such as atomic and molecular

radiative transitions and perhaps to some extent chemiluminescence. The

theoretical determination of the transition probabilities was discussed

in Section 5. Experimental determinations of radiative transitions in

an excited gas whose ionization varies over a wide range are extremely

difficult. Monitoring of the decay of microwave discharges is being done

but data are meager. The basic difficulty is that at the low densities

of the upper atmosphere where radiation can become more ivportant than

the collisional processes, the observations must be made over long

optical paths. In the laboratory, the 3-body (2-body plus wall) effects

mask the slower two-body radiative processes.

Upper atmosphere experiments on radiative loss processes are in

general very expensive when the investigation provides the energy (rf)

of excitation. However, several of these experiments have already been

funded; that they are not equipped to give the maximum information on

optical effects is unfortunate. The reason is simply that the dominent

moDivarCon of these experL•,ents is enhanced electron density and its

decay modes- Of course, natural air-glow and aurora can give some

informaticn, but here excitation is chiefly from electron impact, and the
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dIrtrlbution of excited states may vary widely from that of a stratum

irradiated by an rf-beam because of the wide variations in the electron

energy distributions.

The three high power density experiments currently in (near) opera-

tion are:

(1) The Bailey experiments in Australia which beams .5 megawatts

of power at the gyro-frequency (about 1.5 mc/s) vertically incident at

the ionosphere. The basic idea is simply to raise tt electron temperature

of a thin stratum absorption at the gyro-frequency being particularly

effective. If three-body attachment (e + 02 + 02) is an important electron

loss process,' the electron density will increase (Bailey calculates a

factor of 10) since the attachment cross section decreases with energy

in this range. The principle "observation" will be the electron density

as measured by a C-4 ionosonde,

(2) At Jicamarca, Peru, Ken Bowles is conducting high power density

irradiation of the upper atmosphere •t a frequency of 50 mc/s and a power

of six megawatts. Evidently, NBS is aware of the possible importance of

the enhanced "air-glow". However, and this is an i4mpertant point, the

tests are at present unrelated to the breakdown problem. For this rea-

son, there will be no attempt to optimize the equipment for the purposes

suggested herein. Furthermore, equipment for the several experiments will,

if no action is taken, be completely different for each installation, and

no steps will be taken to utilize the results of all the experimencs in
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furthering the fun"-anental understanding of the breakdown phe.iomenon.

(3) In Puerta Rico, a 1000 ft "dish" is being constructed for studies

on incoherent back scatter from electrons (not fluctuations in refractive

index) at a frequency of 400 mc/s. Again high power densities are avail-

able; in particular, the focusing of the beam is much better than that

obtainable in the other experiments. However, the amount of absorption

may be significantly decreased sincc the non-deviative absorption coeffi-

cient (k) is given by

S2& Ne
2

k 2 (6-1)c L w 12+ 2

Only in the lower atmosphere are electron collision frequencies high

enough (' > w) to =ake k basically independent of w. Otherwise for

2S> v, k varies as 1/w., and the absorption of the rf will be very small

- - perhaps well beyond detection of radiative transitions. The Puerto

Rico experiment is therefore not an optimum one for our purposes. Yet,

if no action be taken here, no attempt will be made to employ photometric

devices to monito-r :he experiments in the eventuality that optical infor-

mation is availabl.

In addition zz the microscooic character determ.ined essentially by

copmosition and s:S:e occupations, a plasma under an external EM field

is described by =macroscopic field vectors. Under these imposed fields,

inho-ogeneities in :he plas-7a can give rise to energy loss by radiation

which 7zy affec: :ie electro:i density at and near breakdowýn. As evidenced
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in the review, some theoretical work has been done on the problem, but

this work has not been conclusive in establishing the importance of this

mechanism to the breakdown phenomenon. Therefore, it is suggested that

a theoretical study of the problem be made, commencing with a review

and evaluation of past work. It seems likely that such action can place

the mechanism in proper perspebtive.
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7. Electron Energy Distribution Functions and the Boltzmann Equation

The time sequence of events leading to rf breakdown can only be

fully described by the Boltzmann Equation. Unfortunately for real

cases, a total solution of the problem which must include all the

microscopic and macroscopic interactions is beyond our present computa-

tional capabilities and perhaps even our knowledge of the specific

microscopic interactions involved. It is quite-natural then that the

total problem is greatly simplified by theoretical workers whomake an

effort to phrase the problem in such a manner that the problem is tract-

able. The question raised by these efforts (a subject often inadequately

stated in the literature) is: what is the motivation and range of validity

of the various approximations? In the remainder of Section 7, R. Papa has

reviewed the various theoretical treatments, and delineation and/or

evaluated their relation to the problem of rf breakdown. This material

supplements Chapter XIII (Plasma Dynamics) in Atmospheric Processes.

7.1 The Mechanics of RF-Breakdown

If an electromagnetic field is impressed upon a partially ionized

gas, the free charges will gain energy from the DI field by suffering

collisions with neutral species and having their ordered oscillatory

motion changed to random thermal motion. In the lower atmusphere, the

free charges will exist initially not as electron-ion pairs; but as small

ionts, Aitken muclei, and molecular ions (no thermal electrorsexist very

long since their lifetime at STP is 10-0 sec due to three body attachment
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of05,30 6 =1)

rate of 5 x 10 cm sec ). These free =olecular ions will eventually

give rise to electrons tLrough inelastic collisions with neutral species

(collisions with neutrals in metastable states may be an effective

electron production mechanism). In the upper atmosphere, the daytime

3 3
ambient electron density varies from 10 particles per cm in the D

5 .3region to 10 particles per cm3 in the F region.

As the electron temperature increases due to randomization of the

electron oscillatory motion through elastic collisions with neutrals,

there will be various electron energy loss processes such as:

(1) Collisions which can excite electronic levels of atoms and/or

molecules

(2) Collisions which excite molecular vibrational levels (sub-

excitation electrons)

(3) Collisions which excite molecular rotational levels (subexcita-

tion electrons)

(4) Ionization of atoms and dissociative or non-dissociative

ionization of molecules.
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Processes in ira- (4) actually increase the nu=.ber of electrons present and a

knowledge of the energy distribution function of the secondaries produced by the

primaries is necessary for a detailed calculation of the breakdown condition.

The electron concentration may also increase through collisional and associative

detachment. In the upper atmosphere, photodetachment is an additional electron

production mechanism. Electron loss processes include dissociative, radiative and

three-body recombination, and radiative and three-body attachment. A microscopic

description of the interaction of an EM field with a gas (in terms of the electron

energy distributikn function) invblvcs a knowledge of the cross sections for the

following processes: elastic electron-neutral collisions, ionization and excitation

collisions, radiative and collisional deactivation of excitcd states, radiative, three-

body and dissociative attachment, electron-ion, ion-ion and three-body recombination,

charge transfer, ion-atom exchange, and collisional and associative detachment.

Even if a thorough knowledge of the various rates and cross sections as a function

Sof energy permitted an elimination of some of the relatively unimportant processes,

the formulation of the problem in terms of a Boltzmann equation for the electron

energy distribution function is extremely complicated and includes the following

effects:

(1) In the amhient atmosphere there are various macroscopic processes such as

turbulent diffusion, winds, shears, and fluid transport forces on a region where the

at radiation is b_-ing absorbed.

(2) The neu=ral composition may change (by such processes as N2 + e N + 2 e

and t-aen e + NI ' N + N) even before breakdown is reached.

Mosc of the eeriv-tai work on RF-breakdown has consisted of studies with

sir-!e gec etri~ a arrangements of EM fields in a microwave cavity, in which the

braac:a condi:ica =ay be expressed as a straightforward boundary value problem.
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The gases eztployed in the laboratory experiments are usually either hydrogen or

pure air, and a radioactive source is used as the external ionizing agency in place

of the solar flux. In most of the laboratory experiments, electron loss by re-

combination may be neglected compared with loss by attachment and diffusion. Brown

and MacDonald (7-) have formulated the CW RF-breakdown condition for a particular

gas for a specific EM mode in a microwave cavity in terms of (1) the characteristic

value of the time independent continuity equation for the electron density

2V No + (V/D) No 0 0

whereV = - a
£ a

V = Frequency of ionization due to electron impact.

ia = Frequency of attachment for electrons to neutrals.
a

D = Electron diffusion coefficient.

and (2) the high frequency ionization coefficient

=/DE

where.E = electric field amplitude.

The CW breakdown condition (neglecting recombination compared with attachment and

diffusion) for the case of infinite parallel plates with a uniform electric field

may be expressed as

u/D =

or

1 /A
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where A = L/: = diffusion length

L = plate separation.

This breakdown condition is valid within the following three limits:

(I) The mean free path is less than any dimension of the cavity,

(2) The frequency is sufficiently high so that the electrons do not lose

appreciable energy betwecn cycles, and

(3) The average motion of the electrons resulting from the actior% of the field

and of the collisions is sufficiently small so that the field does not sweep the

electrons out of part of the cavity in each half cycle.

One of the most general conditions for RF breakdown may be described by the

condition dn e/dt Ž 0 where ne is the electron density (ne satisfied the continuity

equation). Hartman (7-2) has investigated the validity of such an approach. In his

study, a theoretical expression for the electron density was obtained as a function

of the RF field amplitude. However, Hartman made the following simplifying assumptions:

(i) Ionization occurs as a result of single impacts between gas atoms

and sufficiently fast electrons.

(2) The gas has an infinite volume, and

(3) Negative ions are not formed, so that the only mechanism for electron

removal is recombination with positive ions.

His calculations show that, at a certain critical field strength (the breaRdown field),

the density of electrons rises sharply. His simple model leads to a breakdown

phencmenon at' field strengths not far from the observed values. The gases treated

are helium and neon at frequencies of 3000 =egacycles. in the ambient atmosphere,

the condition dn !dt 0 will also describe the C4 R.F breakdocn crirric .......
e
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for pulsed RF, the breakdown criterion may not be expressed as the point at which

the rate of gain of electrons (irpact ionization and photo-ionization) equals the

rate of loss of electrons. For a pulsed RF beam, once breakdown has occurred the

electron concentration will increase at the rate evt where v = - - D/A 2

£ a

and v= frequency of ionization by electron impact

Va frequency of attachment of electrons to neutrals

D electron diffusion coefficient

A diffusion length

and photoionization and recombination have been neglected. This buildup will occur

for any pulse whose amplitude is equal to or greater than that of the CW breakdown

field. The RF pulse can penetrate the region until the electron density has reached

the plasma resonant density

2 2
n = m eo/4 e

where a) frequency of EM wave.

It May be concluded from the -.revious discussion that a knowledge of the time-dependent

electron energy distribution funtz:io is sufficient to determine the breakdown con-

ditien for CV and pulsed RF pow,'er. The 0.4 breakdown condition may be found by deter-

mining the electric field arnplitu--e for which the electron density

n et) = J fe(v,,t) d v

show-z a sharp increase in magnit-ude. In the case of RF pulses, a large part of the

RF po-:er Tay be transmitted thrcugh the hot spot in the ambient atmosphere even

thoagh breakdo:r.n has occurred. -ere the RF pulse will be reflected when the

electron dansity reaches the pla=-a resonant density:
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n_ = fe(Vt) d v n = mea)-1e
j e' p e

The determination of the electron energy (or velocity) distribution function of

course involves a solution of the Boltzmann equation.
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7.2 The Boltzman Equation

In the case of a partially ionized plasma, an adequate description of the

energy distribution function of each species involves the solution of a series

of coupled Boltzmann equations:

e e~
Ch r v~ e m y e ee e ion[ + Be

e LkJ

+£ion I + Ze [(fvt (v% f l o ) + + I"fEnr ion L (-,aon) Lvio

n-1Be ion A + ionA io.k + BionA n

k=l j

N-l

+ f =VBn+r n Bn ionk + nen +

k kJ

where (fo) is the distribution function for the Ith ion constituent, f is the
ion I n jwhere

distribution function for the jth neutral constituent, the subscript e refers to

electrons, subscript n to neutrals, and B is the contribution to the collision
mt

thintegral for the distribution function of the m type of particles in collision with
th

an n type. The electron, ion, and neutral equations are coupled through the

collision integral terms, B The macroscopic fields which appear in these

equations are self consistent, in that the electrons are not conceived of as inter-

acting directly with one another. Rather, they produce an electronagnecic field

(the field vectors E and B -=_,s satisfy 'Maxell's equations) which is expressed as

a function of position and ti=2. The electromagnetic field then acts o each

electron through its position and time2 coordinates. In orier that z*:ch an approach
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ba valid, it is necessary that the mactuscopic fields E and B remain constant during

a collision (ion-electron, electron-neutral, ion-=eutral). It is further assumed

that three-body forces are negligible compared with two-body forces.

Most of the papers on the kinetic theory of nicrowave discharges in gases

(7-3) A7lis and5) (7-6)
(Holstein-, Margenau Allis and Brown , Reder and Brown- ) neglect

ion-electron and electron-electron collisions. However, Ginzburg and Gurevich(7"7)

,whose work is butlined In sections 7A and 7.5 have discussed the conditions under

which it is permissible to neglect electron-electron and electron-ion conditions

in a partially ionized plasma. Processes such as photo-ionization and photo-detachment

have never been considered in the literature as te-=s in the Boltzmann equation.

Electron elastic collisions with neutrals are the =st easily handled process.

Expressions for the collision integral for electron-neutral collisions may be ob-

tained in terms of the neutral density, temperature, elastic collision cross section,

and zero order electron energy distribution functica. The derivation of these expres-

sions usually involves the assumptions that the electron suffers only a small change

in speed on collision with a neutral (basically the factor is 1-m/m). More sophisticated

treatments (such as those of Allis( 8) which is presented in Section 7.4) take into

account the recoil. of the heavy molecule under elas:ic collisions with electrons.

Almost all treatments on the interaction of micro-,z-ae energy with a gas consider

only the changes in the electron distributioa func:ion, here the ion and neutral

distribution functions are assumid to remain Lx.ellian.

Inelastic collisions batween electrons and na-,e-ras are accompanied by the

excitation of rotational, vibrational or elct~nxic 3 and also by ionization. In

addition, second-order impacts are possible, in whl•h the energy of the excited state

of the molecuLe is transferred to the incoming eL:ron.." .c.•ever, an exact calculation

of all these inelastic urocesses -:uld bz very c-= Iicated. The appropriate cross

sections are knoýn o-ilv in a few cases.
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73 Soherical Harmonic E:Dansions

The presence of the collision integral terms B in the Boltzmann equation

(which makes the value of f at v depend on the nuaber of electrons at very different

velocities) characterizes the equation as a non-linear partial differeatio-integral

equation, for -Atich no general method of solution is known. It is customary to

employ a perturbation technique, by expanding the function f, to obtain solutions

to this equation. Enskog s(7-9) method consists in expanding the distribution

function in powers of a, where the system is considered to be close to thermal

Cquilibrium and departures from equilibrium are caused by some agent a:

1 2 2f =f +f f + .......
0

Unfortunately, this technique does not converge well for charged particles in an

-electric field.

For the case of electrons (but not ions) inman electric field, a spherical

harmonic expansion of the distribution function does converge more rapidly:

fC P
f(r,) 0 f (rv)P (cos e)

f0 +-f fICos c

where the electric field is taken to lie along the z-axis.

Two scalar quantities that may be obtained from the zero order distribution

function are:-

Parts of Section 3. are ta.zen from Alis- 8
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the electron concentration:

CO 2
n f 4t v dv

0

the energy density:

0o-= f 0 V2
nu u f 42 dv

0

Two vector integrals that may be obtained from the first order distribution function

are:

the particle flow:

r nvd = f 1 v3 dv

Total radial flow in velocity space:

G 4 v2
3 a f1

where a eE/rt and the quantity G (the gain) represents the rare of flow of electrons

across any energy value in the direction of increasing energy.

7.3.1 The Gradient Term (Vf) in the Boltzmann Equation

Taking the polar axis aloig the direction of grad n and assuming that there is

rotational sy-.7etry about that axis so that the associated Legendre polynomials are

nat required,

87



d ivv f' P ) (grad f P v os P

I LPt~ + (2+1)af 1 21 + 1 +

so that:

CO

di =Vf v fZ [f+ ~ 2 +1 +

0

V of 1 ft + f2 +

3-div f + vgrad If5f1 +

In the last line the scalar functioa f has been replaced by the vector f and

this notation removes the ini~ial restriction on the direction of the polar axis of

PV

7.3.2 Electric Field Terms

In this section we take the polar axis of the sphe±rical har-_-xoaics along the

electric field E. Using the e-xpression for partial deri-vazil;es,

C) sin2 a
/Cos + i

we find

d iv af P,= grad. f'P, =a cos ý3 -- P + SCc in)
V L-V V (o 3



di f av ;- dI 1 .1 d Z+2 f +1v a[7-1' -- l I T- ; • -I + 2÷+ 3 Z+2 £ j +

V v

1d2 1 f 21 d 3 f2)\

=a dv + vd f 5cos e + ...

0
1 d 2- -1 -. .(ldf 2 d 3 2

- v a f + a v ' + v f+
3v2 dv j dv 5v 4 +

in wItich we have again introduced the vector notation to eliminate the requirement

oa the polar axis P1.

7.3.3 Magnetic Terms

Since

dv (C% xV) = 0

we have

divV(C% Xvf) (w x v) grzd v f v (C% xgrad vf)

The expansion involves the associated Logendre functicns and the general term •;ilI

not be given. The first two terns vield

div (")b -. • -x L

.. 3.4 Expansion La rourier SeCrIes

We shall assu::e an aIrtrn:-tini elcric €; e since we c .

obtain the direct-curr--a: r. - *ob- s-!ttinz. 0 n d replacin. root--n -

values by the dc vlues. he disai u ti f .i•.:' rhen, in general, be a

Fourier serics iL -.:
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*MITo



= Z fA P emj Wt

I m

and

C ~ M a fV mjw Wei~t

2 m

The exponential notation is very convenient for all linear equations. Unfortunately,

we shall have to take products such as a f and the meaning of-u.-& o _r t is the

product of the real parts and not the real part of the product. Performing this

operation and then reintroducing the exponential notation, we have

2a f a [f + + f') (2 t + (t + f ) e mi

m=2

where f indicates the real part of fl"
Ir1

7.3.5 The Comnonent Equations

If the Bolzmnann integral term B is decompose-i as well as the electric and

na.getic terr,,3 one obtains an infinite set of equations of which the zero- and

first-order ones are given belo:.:

0 v I I d 2- A
0 - - 6v - " r)

_0 0 - -" 1 1 dI 2-" -rI -zl\-

"•n r•l1 + 3divf "- 6 . 2 )"2to+ 't2 )
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0,

@' I

0 + 2
-1 ( O+2f2>I.~.F~df 5r 3 dv( j~. -

vvg r + grad +f15 12 + 2 vv + 2

3 dv ( 2 f 0+ f

In the case of electrons (but not ions) the spherical harmonic expansion con-

2
verges well and the terms in f are negligible. The Fourier series also converges

well at high frequencies (w/v > X/2). The transition to low frequencies in 'ihich

the second-harmonic terms become large has been studied by Margenau (74); this case

will not be considered here. We, therefore, simplify the above set of equations to

0 v -4 1 d
B0 = d o. 6v-2 d V.a r/

00

0 0 v -1 1 d 1v2- -4NB = ~ l+ divft + K-- a•"

-3 dfd

04 0 + 'ub- -l

x1 f 0
a0 = v grad f o dv fb

1. 0 .df0  .
1 -=jwf1 lI+ vgrad f + a --- '; x

I!

The divergence of the alternating flod 1' produces an alternating electron demsity

n The alternating flow F is driven by a no and, hence, nI exists in viraue of a

IIdivergence_ in a no. Since a is divergettceless, n1 is puroduced by. the_ in-ter'-o-l of

an alternrting electric field and a concentration gradient in the same direc:iza.

However, if such si"uations do not o-cur, it may be assumad thac n1 and f I

9i.
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neglibible. The four corponent equations may then be reduced to three simpler

equations:

0 1 d2 f -1
B =divf +- v af

03 0o+6 v,2dTv\ r

-41 0 - -1
B = v grad fo0 - xf 0

11 .. 0. dfO -
3 f +a 'Ob x f

11 2
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7.4. The Collis-xi Inre~rnls•

7.4.1 Elastic Collisions Between Electrons end Neutral Particles

7.4.1.1 Geometry of a Collision / ;

Consider a collision between an electron, denoted by lower case letter, and

a neutral molccule, dcnotcd by capital !ctters. In a collision, the positions of

these particles do not change appreciably but their velocities change; we shall
d3.

denote by primes the Velocities of particles about to be scattered into d3 v d V

about the velocities v and V. We do not consider the changing velocities during

the collision but only the velocities before and after the particles are within

range of their interaction forces. During the collision the velocity of the center

of gravity, v, remains fixed and if the collision iere elastic, the relative velocity

c has the same magnitude before and after but has changed in direction by an angle

X called the scattering angle in the center of gravity syb.tem. The center of

gravity divides the relative velocity inversely as the masses, so that the velocities

of electron and molecule remain on two spheres in velocity space centered on the

velocity of the center of gravity and of radii Mc/(M+m) and mc/(M-I+m). The radius

of the molecuile'q sphere is very -m-ill compred wi that of the electron, so that

it can almost be considered as a point. If the molecule :ere at rest before the

collision, the origin of velozitr coordinates should be taken at V'

2 2%(M ". '

(V -- ,)- - - c(, - cos
- -0

or if V' 0 0

7 -(7-7)

Parrs of Sec-zýin arc tr : S an v: ibrg end Curevich
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Thii last expression gives the energy: loss by an electron in striking a molecule

at rest. This energy goes Into the recoil energy of the molecule. For electrons

it is smill and we can write it in the form

- -- = (1 -Cos )
v (M0+m)2+M)g

Another useful relation frosi the triangle V', v-, v gives the scattering angle X0

in the laboratory system in terms of the scattering angle X in the center of

gravity system; It is

2 *2i Msin Xsin2 X 0 = 2 + 2+2 os-

2, +m + cos Xg

-The scattering function a-(X) is deduced from the force law as a function of

X and c, and is measured experimentally in terms of X0 and v', and it is always

necessary to reduce one to the other. The depenlence of a on the azimuthal angle i"

is never known and it will be assumed that a does not depend on i$. The combination

co- always enters the equations and we shall use the sysbol P(c) = ca for it (p has

the dimensions of a volume per second per steradian).

7.4.1.2 Reduction of the Collision Integral Terri

The rate of change of the number of particles in a velocity volume element d v

is given by taking the difference betueen the number of particles scattering into

that volumr element and the numb)er of scattered out

B d 3 V (? 3" tf d 3V, 12

d - F&') f( tv pd2 dV dv f Fl(V) f(v) d d• d 3 V dtv
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p is the same in both these integrals and d 2C is the solid angle of the scattering

sphere. F(V') I 'V and f(v') d v' are the numlers of particles in position to

3 3scatter into the-volum- elements d V and d v, and the integrals are to be taken over

all scattering angles and all molecular velocities. By Liouville's theorem

d 3' v -d 3V d v d3 V

-° so -that' Lhe. two integrals may be combined into one

B = f [F(V') f(v') -F(V) f(v)] p d il d3 V

whfch is the conventional way of writing Boltzmann'. cdllision integral. This form

is, however, rarely convenient, since F(V) contains V' and not V and it is not

easy to inegrate it with respect to V. It is more convenient to keep dV' and convert

dv' into d v. We wish to determine the volume element d v so that, for given V'

and Xg the final velocity after the collision ends up in d 3v. As all angles are

held constant and V' is held fixed, the volume element d 3v' must be exactly similar

3in shape to d v, but all linear dimensions increased in the ratio !(G' -V')/(v - V,)

so that

dv = -- / v [ v

This leads to the e::pression:

I F0'')fv-.0'/i. - .,p d)3

( d V'(v f(v) p d2-Q d3V
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7.4.1.3 Expansion in Spherical Harmonics

We now sibstitute for f(v) its expansion in spherical harmonics and for f(v")

the corresponding series in terms of 0'. Using the addition theorem for spherical

harmonics, we have

fC') = f P[(0) P O(XO + 2 Z (, () P(X cos -

1

As P has been assumed to be independent of the azimuthal angle 1k, the term in

cos m(O-q) goes out on integrating, so that the Boltzmann integral for the coef-

ficient of P (0) becomes

= - F(V') fr'(v') P2 (Xo) pd dfl d3V

(I 2 23

-J F(V) f (v) p d2il d3V

So far the equations have been perfectly general, but we must now make assump-

tions which in practice restrict their application to electrons, or at most to light

ions in a heavy gas. We shall assume that the mass ratio m/M is zero, so that v' - v,

and that F(V)in is a 5-function. Then,
g

80,=0 BO=

So(v,X 0 )[1 -P( d2 =

0 c"
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7.4.1.3 E:p-•:.nion in Sph.erical Har,-onics

We now sibstitute for f(V) its expansion in spherical harmonics and for f(v')

the corresponding series in terms of 9'. Using the adlition theorem for spherical

harmonics, we have

fL 2') f P (0) P(X 0  + 2 1 m)l P•(O) PI(xo ) cos M -(0

As P has been assumed to be independent of the azimuthal angle "r, the term Jtn

cos m(O-q) goes out oa integrating, so that the Boltzrmnn integral for the coef-

ficient of P (0) becomes

B = j •' -'I)3 F(V') f (v') PI2 X0) p d2Q d3 V

-J F(V) fr(v) p d2l d 3V

So far the equations have been perfectly general, but we must 'now make assump-

tians which in practice restrict their application to electrons, or at most to light

ions in a heavy gas. We shall assuma that the mass ratio m/M is zero, so that v' M v,

and that F ()!n is a 5-functioa. Then,g

0
B 0

B p(V,"o)[l p (X d2 .

2 / 0 ~ ,,1" '0' = cP

.I
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The "collision frequencies" v cz introduced above are defined in the laboratory

reference system. Introducing an arbitrary definition vc0, the first three collisio.

frequencies are

-2VcO = n p d 11

Vco J gdf

fcl= n ngp(l Cos XO) dl

V n P 3 sin2 X d2 Q
1c2 ~ J 2g~i 0dP

The total collision frequency is vc 0 . The integral is generally improper as

p has a singularity in the forward direction. The apertures of experimental ap-

paratus prevent observations from covering this singularity, so that the quantities

tabulated as experimental "probabilities of collision" are expressed in terms of an

incomplete integral.

The collision frequency for "momentum transfer", Vel" is of Veat importance

in transport theory and the simpler symnol v is used for it. It is a weightedc

collision frequency in which the backward scattering counts double, right angle

scattering has the weight one, and for..'ard scattering is not counted. The frequency

c might well be called the "scattering" frequency; here right-angle scattering has

the weight 3/2 and aeiLhur furw.ird nor back...r.d scatterinz is counted.

7.4.1.4 Recoil of the Hc_-.'• M.,lccule

l-e conclusion that B -- !- collisions do not change the energy

dt•nzributi"n, a" 2 it .... :h; =leculcs %;erc elastic
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and infinitely beavy. In fact, it r-niiy take mainy thoasand cohlisioas to change

the energy of an electron appreciably whereazs excactly oaie "coliisioai" defined by

the frequency v' ci will cancel its momentumn. ",.ever theless, many thousand collisions

do occur and we m-ust introduce the higher-order terms for 1 0.

We first relax the restrictioai to infinitely heavy molecules so as to allow

the molecule to recoil under electronic impact (vl > v) but continue to neglect

thermal motion (V' 0). Then c =v' and

,2_ 2 ,2 2%Mm2
v v =v 21 Cos X ) .1V,

Let us expand in terms of ji which is assumed to be srnail

V13 32 d* 3 pf
v~P6') f&v') v~ P f(v) + iv (

d(v9)

0 3

Integrating the expression for B with respect to d3 V' for T =0 gives
9

B0f 3 n. P~vt)fO(v') np fO(v)d

dv 3 0 f .0N 2 d 3 0

vngdvM 2 
9 v d( V g

L.C g.is the 6zm as t hitt il tlie conter of riiss insteal of t.he laborator3'
ci.

s,; ste. The reclation bet!.:een theseý tt:a den-iais oil hic-: thie cross-sectioi dep~ends

on It is givon ill first Ordcr by

L

C9
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S 2In I d (v3 0 0
0 .I+ - V d(v2 ) (

Next wa take account of the 11ixwell distribution of the molecules F(V'), which

was previously replaced by a delta function, and this will be done in a somewhat

qualitative way. In integrating over d V' the point V moves over a !-Iaxwell distri-

bution centered about V' = 0. For fixed v and scattering angle X this means that

v' moves about v;, its value for V = 0, by amounts of the order V'.

and

f (v' f(N) C'(V' 26(v'2

when tfiis correction is introduced into the expression for the collision integral,

one obtain's

B -I"r V ý

B0 2m 1 d 3 / (0 6(V,2 df
-,,+ w.7) . (1(V)'df

L. u k-- i-jha if the electrons have a Nax,,ell distribution at the same temperature -

as that of the gas, collisions -:iI1 not change this distribution and, therefore, this I
IastL tautioa tais: give zero if f is a ".Uxvell distribution. This determines the

_ , , to= e(Tual Lo "k T /m, and .,'e h:ve

Tý 2!n i' 3I
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fr the rate of chngte of t'e energy distribution of electrons of mass m owing to

elastic collisions -with molecules of finite mass M having a temperature T gg

7.4.2 Elastic Collisio.s of Electrons with Ions

To describe elastic collisions between electrons and ions one can employ the

foregoing general expressions for the integral of elastic collisioas between an

electron and neutral particles, without.modification, since the only assum-tion made

in their derivation was m << M. It is necessary only to calculate the- number of

collisions between the electrons and the ions, v.(v). For this purpose one sub-1

stitutes in the collisioa itegral the Rutherford formila for the differential effective

cross section for the scattering of an electron by an ion. We then have

Vvi() =2uN.v(e 2-2v ) 2 2 -4cos a sin 0 dO
sin

min

e 2 min\-• In (1 + cot 22y 3

where N. is the concentration of the ions, which for simplicity are assumed to be

s in• ly-char-ged.

If w:e consider the scarlt':ing of an electron by a freJ ion, then integratio.n

be carried'cýU fr:om 0 to (iQ., *in 0 0) and the collision frequency

ca s:ccr 0. in a o a , ions are not

6: iC -iL S:' 0 i i aII7, 110 -'r, tl~ the i :

enrire'. ere-: "- . t•lt e% interaction bt:.t;,en thc ions and the clectrons, the

i e0:.. 111- Z-. eq~ui Iibri:l condit oJnIs, h:s .1 Cou 1o0:b ch1.r.1-.Lrr only to

:isn:':z - onn tue, r'c•'• Or zh,, IX.-b-,.: tad inz ?:

IOO I
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k)11/2SkTkT '

[.4te 2 N(kT + kT e

where T ion temperature and

t e electron temperature.e

At distances greater than D, the Coulom' field of the ion dcops off

as a result of screening. Consequently, D is the maximum Jistance at which a

substantial interaction between the electron and the ions still takes place, i.e.,

the maximum impact parameter. It can be used to express the minimum scattering

angle:

min =2tan- (e2/mv2D) 2e2/mv2D

Therefore:

4 / 2 2 4\

v (v) = 2AN i An ( + v

m ve

2 2 -4 3 3 -6 1-
It is important that D (kT ) e- k T e always be a large quantity in

e e

the cases of interest to us. This means that the second term in the logarithm is

always the principal term. Consequently, the principal contribution to the number

of collisions between the electron and 'the ions is made by the weak scattering --

scattering by small angles. In one such collision, the -.:hzn< in either the energy

or in the electron monentum is insignificant. In fact, the fraction of the energy

lost by the ;lectro.i !-.hen scattered by an angle 3 is 3k - 2m (1 - cos 9)/M. Consid-

ering that the principal role is played by collisions that le:d to the scattering

by a small angle, on the order of 1n. ,e find
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2 5l (e2:1l13 3
k k minvan \ 'e

Analo-osly, the change in the mo-ntuua is

5p lp 1 pl / bp minp murn = IkTe I I 1
*re

It must be emphasized that although the change in the momerntum in one impact is small,

the change in the energy is considerably smaller: b/8p l m/M.
k p

Scattering by large angles adds to the number of collisions only a term of

order unity, which is small comparel with the main logarithmic term. A similar

correction in equilibrium plasma resuxlts from an exact solution of the problem of

scattering in a Debye field.

Inelastic collisions between electrons and ions, which lead to their excita-

tion and multiple ionization, do not differ at all from inelastic collisions with

neutral particles, considered abo-e. However, owing to the large values of the

maximum elastic imapact parameter (D), the role of inelastic collisions is greatly

reduced. Collisions oE electrons zccompanied by bremasslrahlung, which is of im-

portance at high electron energies, will not be considered here.

7.4.1 Electron-ElecLrDn Collisions

The principal role in a collisica btw,!en an electron and iois, as seen above,

is played by long-range collisions, 1--hich lead to weak scattering. Both the energy and

the momentum of the electrons ar, canged o07lY slighti; b-; oae suich collision. This

is the consequ.ence of the -inguar=_-: of de Cou!o. interazt ion and therefore pertains
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not only to collisions between electrons and ions, but also to collisions between

electrons a=d electrons. The difference lies only in the fact that the fraction

of the enterMr and the fractioa of the momentum lost by the electron when colliding

with another electron is of the same order 5 /kp p I, whereas in the collisioa with

the ion 15- m/.

Thus, in considering the integral of inter-electron collisions, one can use the

differential expressions derived earlier for B. In addition, we can integrate this

.expression o-jer the scattering angles dil (using the fact that o-(O,u) has a sharp

maximum at • :- 0). We then find that the integral of the collisions between the

electrons are satisfied by the expression

Bee =-div Jv

where

j dvv(u) (U2(f(v) grad f(v,) -f(v grad f(v))

-u[f(v) (u grad v f(vl)) - f(v 1 )(u grad f(v)I}

and v is :h- velocity of the particle with .hich the electron collides and

u - V.--,(u) is the number of collisions, where v must be replaced by u and

N, by N = _ ; account is also taken of the fact that the scattering particles are

electrconsi., that F(v) f(vl)-

L2- ::S zcnsidcr no.: B the integral of inter-electron rol1iqfions for the

functia f_. by putting fz: fO(V) into the ec':ression for the collision inte:-ral

aznd, -:-• o.'.:r t- anglcs, on- obtains:
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C..6

B v (Al(f Vf + A.(f)
cc 2 21v !V 1 0  0 2 0 )

V

where

I~ N 11 vI

0

AI = "N f v (1 - cos2 ) v ju) dv1 u

JN vV f0(V) dvl + V3  V f (V) dv
= •_V•.3N f 1: 0(V d1 +1 f V1 0o(V1d1

0 V

Here e is the angle between v and vl, u = Iv - v1 1; when integrating over the angles

we neglected the variation of the logarithmic term in v(u)"(compared with the varia-

3
tion of the principal term 1/u3). For fast electrons, whose velocity V is much

greater than the average velocity of the plasma electrons, the coefficients A and A2

assume a simple form: A1  v(v), and A2 = 2K v(v)/3cn, where K is the average energy

of the scattered electrons (in the case 3f a Maxawellian electron velocity distribution,

27 /3fl - kT I/).
e

7.4.4 Inelastic Electron-Neutral Collisions

Inelastic collisions between electrons and neutral particles are accompanied by

the excitation of rotational, vibratioac!,or ecy±tonic levels, and also by ioiization.

In addition, 5o called second-order impicts are possible, in which the energy of the

excited state of the ri•lec,:le is transferred to the tnco,-.ing electron. An exact cl-
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culation of all these inelastic processes is quite c-licated; in addition, their

cross sections are kno.n only in a few cases. Therefcre there is no complete theory

of inelastic collisions in which the problem is solved as accurately as in the case

of elastic collisions. In spite of this fact, it is possible to analyze relatively

simply two important limiting cases; specifically, we consider cases when the electron

energy is considerably greater than the energy of the excited level, or the ionization

energy (K >>1 a)), and when, to the contrary, the electron energy is only slightly

higher than the excitation energy (K -n << K and positive).

In the former case the expression for the integral of inelastic collisions is

found in the same manner as for elastic collisions. It is merely necessary to con-

V sider that the energy lost by the electron in inelastic impact is consumed essentially

in excitation of the molecule, and this is connected with a transfer of energy

(thus, v' - v =.ho/mv); in this case the neutral particle siriply goes from the ground

state into the excited state. We then have

0 1 2 kT6 0
(BO~inelastic 2v v v 'm m fOv 0

(B linelastic = W f 1

Here V is the number of inelastic collisions acco,:npaniei by the excitation of a

quantum t) (as we shall call the transfer to the molecu!• of an energy +L•, consumed

in excitation of some level)

:(v) = v(N, I- D (v, 0) (1 -Cs )

n ... C05



w-here *. (v,O) is the differ-e:ial effective scattering cross section in inelastic

0 ex
collision, N and N are rte number of molecules in the ground and excited statesmn i

respectively. Furthermore, r (v) is the fraction of the energy lost per unit time

by the electron to excitatica of a quantum --u

r(v) -N ) ex V
my

and T is the effective te-nerature

0 + ,ex
*0) m imT-

cn2k 0 ex
N + N

m m

It is important to emphasize that in the case when the quantumto is small not only

compared with the electron energy, but also compared with the energy of neutral

-particles (u << kT), and if the neutral particles have a Boltzmann distribution

"ex 0
Nex IN. = exp(-*co/kT) (i.e., if the collisions with the electrons do not substantially

m M

change the number of excitel nalecules), then the effective temperature T is equal

to the mnalecule temperature T1 "

In the second limiting -7 , when the electron energy is slightly greater than

the excitation energy, the c.-Liding electron merely goes from the region of large

energies into the region cf s-ziI energies (K 0). Therefore at large energies

(B') = - -, f

d -
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where v/) is the. total frcqi_.ncy of the excitations of the.level ti (it is assuin3d

ey 0that N << NO). The fact that the electron cannot simply vanish but goes into the
m m

region of small energies (K - 0) is taken into account here by adding to the equation

22

I • *for f0 a 8-function source of elecciorE -Q8(0)/4n•v2

where Q =dN/dt= 4 vf v2 dv.
f0

We note in conclusion that in the general case the characteristic, dependence

of the total cross section of the inelastic collision on the electron energy is

such that the total cross section o(v) vanishes when K < fk, then it increases,

reaching a maximum K (3 to 5) tim, and then starts to diminish slowly. Since in

the average impact K >>6 and the electron loses an energy Axa, the electron in the

most probable inelastic collisions loses a small fraction of its energy.

We note also that in those cases when not one but several levels fim can be

excited, we have B = EB i, It mist be taken into account also that some-of the in-

elastic collisions -- ionization and the effective recombination (recombination,

capture of electron by a molecule, etc) -- are accompanied by a chafige in the njmber

of electrons in the plasna. it is therefore necessary to add in the collision

integral for the function fo the terms

-r 0) f I0+ vion(v',v) fo(V v,2 dv'

the first of w.hich describ,-s the effective recombination, and the second describes

ininit io:n. Here r (v)6 is the total recombination frec'-inc"
r

~10/



and v i(v',v) M Nvf a (v',v,) dio

is the ionization frequency, i.e., the number of ionizations produced per second by

electrons of velocity v', which lead to the appearance of a new electron of velocity v,

whereLi is the ionization energy. These terms usually do not exert a noticeable

influence on the form of the distribution function; they do determ=!e, however, the

concentration of the electrons in the plasma.
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7.5. Solutions of the BoLtz=Ann Equation

If a spherical balmonic expansion of t%,a electron distribution function is
made (ie., f =f + - the two Bolt-inn equations for the zero and first
order distribution functions(taking into account el Iectron-electron, elastic electron-
ion and elastic and inelastic electron-nautral collisions) are:

e 2ý ~1 2 LS k
3t 3 iu r e 1_M v(v E.f 1 ) 22ý 6( -i - (VU OJ

1 2INE LASPEA+[k 
- f

+ B enE (f0) + B ee (f0) 
'

af.

gra +A x 1 =- V(V)f Be (f)~E V rad m C~v mc 01e

Here,

B f I 2A(ov + A f'
eefo +-27ý-Vv A~ 1 2fo

N 1 J 11  1 Ldv0

(v )dv + vV3  
f~ d

2m

EL of]Ctroa-nc.,utra clastic c::*_sioi'a frt~quenc~v

=electron-ioa elastic colli-iiU ffrequenc'.
FV;ELA

is chu toln~zber of e:: al~in,~hr

Z) j s9 :
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INE LASB (fo) is the collision integral for the function fo, which describes in-
en

elastic collisions between electrons and molecules.

It should be brought out that the electron energy relaxation time is always

much greater than the momentum relaxation time. This implies that the relaxa-

tion tire is much greater for the function fo than for the function fl. As a

consequence, the function fo always changes more slowly with time than the func-

tion f V Hence, when the equation for fl is integrated with respect to time,

the function fo can be considered time-independent to a first approximation.

In the equationfor the function fo, the last term on the right side of the

equation (B I(fI)), which represents electron-electron collisions, is of the
ee 0

order ve f where Ve is the aIter-electron col1ision frequency. The remaining

terms, which describe the collisions between electrons and heavy particles, is of

the order 8 f rwher V V EL + / + V INELAS. Hence, the relation

between ue and 8u determine the form of the function fo. A highly ionized plasma

is characterized by the condition v' >»v; and a weakly ionized plasma by thee

condition • <<Sv(in a fully ionized plasma:,' v >e> 6 d.

7.5.1 Hi:hBv Ionized Plasma

In a h,l-v* .... ionized plasma (u » 5e), the form of the zero ordec distribu-

tion funzt-ca fo is set by the inter-electron collisions. The solution of the gen-

eral Bl!z-_z equations may be obtained by the method of successive approximations:

fo f f, ý - .... ,here the zero order approximatLon includes only iate.electron

coll~iei2 I. f the Boltzmanla equatiouii aru solved for the zero order approximation,

fo, a•1- -I: a :Max.•liian distribution function iii the case of a homogeneous
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p lasr-.:

*m 3/2 2
foo \.2TTkT) exp 2kTeL e)

The Maxwellian distribution becomes established within a time I/ve. When

ue >) au this process is much faater than the process of transfer of energy- t-

heavy particles, this implies that f. is close to being Maxwellian.

If the expression fo = foo + f 0 1 +."" is substituted into the Boltzmann

2equation for f and then both sides are multiplied by 4rrv and integrated with

respect to v, one obtains:

d(4n•JV2foo d + Ben (foo) dv 0

If the Max~iellian disbribution is taken for foo, then

dN
e+ - =0

dt rec ion e

where

and ~ ~~ ~ "2- ;"V •/ '=2 •-'2

6 3/2 ;F 
1 

, 
v 2)rn , t )e x J J e:- 2k (v') dvv') ex! T dv

and.-

12 ~ 3/ Pn2 ~ ~
rcKir JV CX--. 2k- r V) dv

7.5.2 1 ok~ Inj: -2df P 1a s::a

I: C 'z:c aC5 c.f.-z.akly i~niŽ las~~m, thi- colis ions b,!-c2n -ecra

in is g:nific :z'nr in Itz.m..nn fqation ot o (slac. -iad thes"- C -
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sions may be disregarded in a first approximation. !Ba-y are even less signifi-

cant in the equation for fl, since v << 6v << u. Hence, the function fl in a

homogeneous weakly ionized plasma (to terms of order -) is given by the expression

af

where u satisfies the equation:

ou eE e+__ -]
'-'+ v(u) ;- [u x e

u is the velocity of the directed motion of the electron. If this expression for

fl is substituted into the general Boltzmann equation, the following equation for

f is obtained:

oI

• • 2 2 (,el + Vi) kT + 2eEu -vel + Vi )fi+

2)t 2 TV m + 3 v

BINELS (fo)=
ne

Depending on the relation between thc time I/.x, d--rng which the electric

field changes significantly, and Lht re!auation ti e for -hŽ function fo(T) 1/)

we distinguish here cases of slowly varying field (.c << f-, and rapid ones

5• >') (the same as in the analysis of the elcctroa -ez-=erature in elementary

theory or in a strro.g!y-ionizcd plasma). in the fcr.-_er case, which is quasi-

stationary, the dcpendi-nce of fu on the ti-e can bo; in particular,

thiS takes plce -al!in. thz Cto a CO~LSzu Lr1c field. On the other

h.l, f or a rapid ,"ly a I rna iL ng cl1:ctric fieLd-, ,,> Z .- : u:...ion E ,L. . not

S!12



have a chance to change as rapidly as the field; it therefore settles at a certain

average level, independent of the time, and the variable deviations from this

level are small, of amplitude on the order of 6v.//e (the same as the observations

of the electron temperature in elementary theory). Consequently, in both cases

we can neglect in first approximation the term 6f o/at, and thereby get rid in

fact of tOe time variatle. This allows us to find an analytical solution for the

above equation for many important cases: for elastic collisions, in inert gases

and in a molecular plasma. We now proceed to analyze these solutions.

"7.5.2.1 Elastic Collisions

If all the collisions are elastic, Binel 0 . Therefore in a constant
ne

electric field E we have, u = eE/mt' at H f 0 and the above equation becomes:
0

22 ~2
3m2[. kT jY af p vf 1 4 (v2J) =0

(Here v v u(v) = vel + V MultiplyinIg this equation by v and integrating fro.m

0 to'v, we see that jv 0, since in the absence of an electron source r,2E v jv v= 0.

Integrating now the equation j. = 0 over the velocities, we obtain

v
r 1 mv dv

0f C exp 2
kT+ 2e2E

3m 
5  . "

We therefore obtain a Ma:-:.:e.!i-a distrib-ution in a weak field, but in a strong

field the distribution function f, rnay differ substantially from M!axwellian, since

*0



U depends on v. For example, in a strong electric field upon collision with

molecules - hard spheres - the function f is determined by the well known
.0

Druyvesteyn formula

/ 2
f c exp 3m v2 4

2where £ = v/v(v) = 1/Ta 2N is the mean free path of the electron, C a constantm

determined from the normalization condition, and the term kT is neglected, this

is permissible for a strong field.

The Druyvesteyn distribution at large electron velocities differs greatly

from Maxwellian; it drops off much more rapidly than a Maxwellian one. The cal-

culation of the function f with allowance for the exact dependence of the colli-0

sion frequency and the velocity for 4ifferent inert gases was made in references

7-10 and 7-11. The effect of a constant magnetic field is taken into account in

reference 7-12 [the magnetic field changes the velocity v(V), and accordingly

f also changes].

We considered above only the case of a constant quasi-stationary electric

field (t >> 7) for in this case w: c.:- neglect in first aDDoOXi- I:

m~atiun the deriva!ive af /.'t. The function f now.' assumes the for.m

nvv
0 0

0 r 0 -

Here che function :(.-) -'ithout the ýgnc:ic field is equal to *F.: + -(v) 2

ano r 5>~~1Ž!C1~~

ii'-

a,,din b: ceseze o a-g'-eic iel
1[



cos2 + sin2 + sin 2

w 2+ V2 2 + 2] +2 2 + 2+

where • is the angle between E and H, (H is the gyromagnetic frequency, Eo is the

amplitude and w is the frequency of the alternating electric field. Such elastic

collisions are produced in monatomic gases at low electron energies (up to 1 ev).

115



7.5.2.2 Inelastic Collisions in a 24olecelar PlaSma

A molecular plasma may be defined ac one fared by diatcnIc or polyatc---ic gases.

In such a plasma, notonly ektmic levels, but also rotational and vibrational levels

can be excited, the energy of such levels being exceedingly low (D 10-2 to 10- ev

for rotational levels, and fv 0.1 to 0.5 ev for vibrational levels). Hence, in-

elastic collisions in such a plasma become important at electron energies of the

order 10 ev (room temperature).

For a plasma composed of a diatomic gas such as hydrogen, oxygen, or nitrogen

at electron energies less than 1 ev,the principal role is played by losses due to

the excitation of vilrational levels. The energy of these vibrational levels is small

compared with the average electron energy. For such cases, the integral for inelastic

collisions for the function f can be represented in the form:

Binelas (fI C) 12 RU(v kT 6f IVf0
ne - v~()~ ~ + vf

where RH(v) = r r) describes the energy losses of electrons in inelastic collisions.
ii

When this expression for BinelaS is substituted into the Boltzmann equation for f

ne0

for a weakly ionized plasma (ve << bv), it may be shown that the resulting equation

coincides with the equation considered above for the case of elastic electron-neutral

collisions. It is merely necessary to make the transformation:

el
2m el (V + i) +

5elas m _ V

For the case of a strong constant electric field, instead of a Druynesteyn distribu-

tion which one obtains for the case of elastic electron-neutral collisions, the zero

order distribution function for a molecular pla•-:a is given by:
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2 v

f 0  c expj 2 n 2  f V2a(V) d}
2e E 0 V

In order to obtain an explicit expression for fop it is necessary to calculate the

function

el
el (V + v1) + R,(v)

*8(v) - V(v)

This may be found if the function RH(v) = Z • is known. However, to find r it

is necessary to know all the cross sections of the various inelastic processes.

Seaton(7- 3 ) has calculated the cross sections for the excitation of electronic

levels by electron impact for atomic oxygen and atomic nitrogen. Meyerott( 7"14 ) has

given the cross sections for excitation by electron impact of some of the levels

of molecular nitrogen. The exchange of energy between electrons and the rotational

motion of N2 has been discussed by Gerjuoy and Stein (-15). The interaction of the
2

electron with the quadrupole momant of the molecules was considered. Closed expres-

sions for cross sections for an electron producing a charge of rotational quantum

number _6J= 2 as functions of J and of the ratio of initial and final electron

momanta are given. If it is assumed that the average electron energy is much
greater tiian kr (where T is the gas te.:'perature), the fractional energy loss per

collision may be regarded as smiall compared to u"ity for most electrons. Under this

as sur.1tion and as3U:aing N (the probability- of the molecultý being in rotational

lev.el J) is saall J;hen J is s:,ii, the erosi sectio-i beomes:

Q2
Q a0

MI



2
where Q molecular quadrupole moment in units of g a 0

Q = 0.96 for nitrogen

a0 = first Bohr radius

Haas(716) and Schulz(717) have shown that there is a strong probability for

electrons of I to 4 ev energy to lose energy equal to one or more vibrational quanta

in N2 . These authors interpret the process as the formation of an unstable N ion

which can decay into Various vibrational levels of N' Haas' experiment-was con-

ducted with a swarm tube and demonstrated that the maximum of the cross section for

-16 2
this energy loss process occurs at 2.3 ev and is about 3 x010 cm in magnitude.

There is some evidence that electrons also excite vibration in 0 at energies of a
2

few tenths of an electron volt. Because the investigation of this process by

mobility and diffusion processes is complicated by attachment, it is difficult to

assign cross sections to specific processes.

Since the cross sections for the various inelastic processes that may occur in a

(7-7)molecular plasma are not all well knovn, Ginzburg has adopted another method to

determine the total loss function

R(v) el + V inel v(v)

The fractioa of the energy lost by the electron in a highly ionized molecular plasma

(5 e is related to tile function R(v):

rR(v) v- f(T)

-L e. e•f e
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0
ClCD

feff 34 e f 0 NT

Te above relation may be considered as an integral equation for R(v), since the

product Veff 8 is known from experiment. Once R(n) is determined, 5(v) = R(v)/v(v)

is known. The results of such a calculation for hydrogen, oxygen, nitrogen and air

are given in Figure 7-1.

If the calculations for 5(v) are substituted into the expression

cex~j.. kT+mvdv 0v
fO c exp-

0 kT + m v)

the distribution function for electrons in a molecular plasma is determined.

The results of thig calculation for electrons in hydrogen in a high frequency

22 2=electric field are shown in Figure 7-2. The ordinates represent -v A2 where v = 21T/r

is the mean square electron velocity. The dotted line represents a M1axellian dis-

tribucion (the distribution would be M.aellian if o were independent of v, as it is

for elastic collisions). It may be noted from Figure 7-2 that f-r electrons in 1199

the deviations of the distribution function from a.xellian are not large.

(7-13)
Recently, Caldirola has determined the velocity distribution function for

elcctrons in a spatially homogeneous slightly ionized plasma under the action of a

constant maaznatic field (i.e., that of the Earth) and an alternating electric field

i'9
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(the tiri- varying magnetic contribution to the force exerted on an electron is

assumed negligible compared with the electric one). Caldirola's expansion of

3(7-7)
the distribution function is similar to Ginzburg s treatment, where an

"f"effective" energy loss for electrons by collisions is written

beff~v R (y)•eff (v)

Caldirola takes into account ionizing and recombination collisions under the

assumption that steady state conditions pertain (which is accurate for the excita-

tion of an airglow, but inapplicable for RF breakdown):

J recom ioniz 3
(B + B z)d v 0

Caldirola has given the following expression for the inelastic collision integral repre-

senting ionizing collisions:

B~ -= -(v) f(V,C) + V q(v) -A f(vito + (V ) "i f(vist)vi • _

en iv v

wh here v (v) N A V i

NA number of molecules per cc

2 +2 E/M)1/2
2 /m) /2

v (q- + 2 c m.~ '

vi -

. = ionization energy
I

i and :i - -ii art the para-meters determing the energy, distribution between the

pri•ary sc:ccerinS and s.-condary electrons.
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Carleton and 11egIll(7"19) have nurericaliy computed solutions of the Boltzmann

equation for the electron energy distrib•riton in weakly ionized 2ir. They have made

the following assuoptions:

(1) That the partially ionized plasmu is situated in a Static magnetic field.

(2) That an alternating electric field exists with electric vector perpendicular

to the magnetic field.

(3) That the gas is homogeneous and the fields uniform in snace.

(4) The degree of ionization is weak enough so that electron-electron and

electron-ion collisions are negligible.

(5) The fields are such that the average electron energy is mch largc than the

thermal energies of the gas molecules (and that heating of the gas by the

electrons is neglLgiblc).

(6) That ionization and recombination collisions are negligible.

(7) That electrons may lose energy in elastic collisions and may excite rotational,

vibrational, and electronic degrees of freedom..

Carleton and Megilll 19) describe the various elastic acid inelastic energy

loss processes by employing the known experimental cross sections. The gas was con-

sidered to be composed of N2 , 02 and 0 in proportions corresponding to an altitude of

about 100 km. The total electron velocity distribution function was expanded in thre

form

f(v,t) f 0 (v't) + (E) fl (v,t) + (B x E)1 f 2 (v,t)

where f and f., provide bulges on the distribution in the directions parallel to th•_

electric field and to the Hall drift, respectively. Their final result for the

electron distribution functioa exhibits a small hump on the calculated curve near ?n-e

origin, -hih due to the error introduced in the approximration tThich treats E-.,

!2Z
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rotational cross section as a step function at 0.02 ev. It is claimed that the

calculated curve is inaccurate beyond 4 or 5 ev because higher lying states have

not been included. If such higher lying states had been included, the calculated

curve would have remained below the Druyvesteyn distribution, instead of rising

above it. It is definitively demonstrated that the resultant distribution differs

greatly from the Maxwellian over the electron energy range 2 to 9 ev.

12,1
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8. Breakdown in a Spherical Cavity by a Remote RF Antenna

Of the several experiments on rf breakdown currently being per-

formed, that employing an external rf source and a transparent spherical

cavity most nearly approximates the geometry of the real case of break-

down in the atmosphere produced by a focussed ground antennae. Moreover,

because of the lack of made excitation (and the transparent enclosure),

it is relatively simple to extend the scope of these experiments to

ioclude impurities and even solar radiation (according to our information

on the solar flux at the various altitudes). For cavities large enough

to avoid or inhibit the contributions of wall effects, the simulated solar

flux will provide atomic species which are impossible to reproduce in

most cavity work, but which are a fixture of the upper atmosphere.

It is to be emphasized that the results of the remote antenna

breakdown experiments differ from those of comparable experiments

employing microwave cavities. However, circumstances have dictated that

no intensive effort be made to date to set up a detailed theory accounting

for tire observations. As a result of the special advantages of this

particular configuration ( a modulated conical geometry), we suggest a

two-fold program.

First, the experimental work should be extended so as to include all

combinations Of pure gases, mixtures of gases, varying pressure, and

simulated solar radiation.

Second, an attempt should be made to e::•ploy the Boltzmann Equation
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to solve the time sequence .of events leading to breakdown. Of course,

this second part will be difficult, but for the first tinie, there will

be available reliable numbers from an experiment with a simple and

pertinent geometry.



9. A Direct Measurerent of RF Breakdown in the Upper Atmosphere

It has been pointed out that there are two Sasic obstacles to the

solution of the breakdown problem in the unbounded ambient atmospheric

environment. These are:

1. The simplified phenomenological theory fails in the low pressure

range even for pure .gases.

2. The effects of an altering composition (this parameter is not

well known above balloon heights), solar flux, etc. cannot be reliably

included in either the simplified theory or to date in the more general

Boltzmann approach. Consequently, it seems that a direct measurement

upon the rf power required for breakdown be made in the atmosphere,say,

in a parallel plate experiment.

Two vehicles, balloons and rockets, immediately suggest. themselyesj

and each has its advantages and disadvantages. The two basic parameters

of the vehicle are lifting capability (therefore altitude) and velocity

with respect to the ambient atmcsphere. Present balloon capabilities are

limited to loads of 1000 lbs at 100,000 ft (30 km), whereas boosters are

available to send 10 Lv;,s z= such in altitude. On the other hand, large

rel-tive velocities between *.. carrier and the environalent may lead to

szc7 cc-plication in ta i=z=a-prctation of the experinent. Actually, it

is anticipated that thi3 effezt be small- particularly for pulsed break-
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Time does not permit an examination of the load required to pro-

vide rf fluxes of the order of 107 watts/mr But, it is strongly suggested

here that a detailed and thorough feasibility study be made if it is

considered that exact information on breakdown thresholds in the ambient

atmosphere is required.
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10. RF Breakdown in Perturbed Atmospheres

Once the problem of rf breakdown in the ambient upper atmosphere is

solved, attention will be focussed upon the obvious sequel, rf breakdown

in perturbed atmosphere. Here, there will be two general types of

perturbations to be considered; namely, chemical seeding and nuclear

detonations.

In regard to chemical seeding, there will again be two basically

different chemicals to be considered. Particular chemicals have abnormally

"large (electron) attachment cross sections and therefore tend to inhibit

breakdown. The halogens, hexafluorides, etc. belong to this class of

substances. There will be a second class which-can lower the breakdown

threshcld because of inherently lower ionization potentials. The alkali

metals are good examples of these electron-givers.

The nuclear detonation - particularly at high altitudes - produces

a radical perturbation of the environnent over extensive volumes of

the upper atmosphere. The basic difference between the chemical seeding

ane the nuclear detonation is that in the latter case the perturbation

is produced by radiation rather than an injected impurity. Nevertheless,

the detonation in addicion to the dominant effect of an increased electron

density (and therefore a lower breakdown field) can result in an alterazion

of the co--osition through such processes as dissociative reco=uLanaen

and subsequent atc=- ion or atom-atom reactions.
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No attemrpt is made here to more than delineate the gen-nat problen

*and suggest that some consideration' be given to this area In the future.
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